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ABSTRACT 
Studies in infant speech perception over the past three decades have revealed that 
infants can discriminate a wide range of speech and phonetic contrasts at an early age 
(Eimas�Siqueland, Jusczyk, and Vigorito, 1971; Jusczyk, Copan, and Thompson, 
1978; Kuhl and Miller, 1982; Morse, 1972). However, the extent to which infants are 
sensitive to pitch contrasts that are linguistically relevant remains to be ascertained. 
Speakers of a tonal language must be able to discriminate differences in fundamental 
frequency and understand how variations in Fo height and contour contribute to 
lexical contrasts. Due to the complexity of the Cantonese tonal system, even 
native-speaking adults have been found to confuse some tonal contrasts in 
experimental tasks (Fok, 1974; Peng and Wang, 2005). This thesis is an exploratory 
study on the perception of Cantonese tones in infants acquiring Hong Kong 
Cantonese as their native language. In the study, we examine whether infants at the 
age of 6- to 12- months old possess the ability to discriminate tones using a 
well-established behavioral assessment paradigm, the "visually reinforced infant 
speech discrimination paradigm" (VRISD) (Eilers, Wilson, and Moore, 1977; Kuhl, 
1985; Werker, Polka, and Judith, 1997), one of the versions of the conditioned 
head-turn procedure originally developed by Eilers et al. (1977) for the investigation 
of infant speech perception. A series of discrimination tests were carried out on two 
types of tone pairs. One set consisted of tones with different Fo contours, including 
the pairs of high-level tone(Ti)/low-falling tone(T4) and high-level tone (Ti)/low-mid 
rising tone (T5). The other set consisted of the level tones, which include the pairs of 
high-level tone (Ti)/low-mid level tone (Te), high-level tone (Ti)/mid-level tone (T3), 
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and mid-level tone (T3)/ low-mid level tone (Te). Results of the study indicated that 
infants are capable of discriminating at least some of the tonal contrasts in Cantonese. 
Specifically, indications of sensitivity to tonal contrasts of Ti(55) - 丁3(33)’ Ti(55)-
丁4(21)，Ti(55) - 丁5(23)，Ti(55) - 丁6(22)，and 丁3(33) - 丁6(22) were reported on a 
couple of the subjects. The current findings support our hypothesis that the ease of 
tone discrimination is dependent on the acoustic distance between the tones. In 
particular, the acoustic distinctiveness and high frequency of occurrence of the 
high-level tone (Ti) might have enhanced its perceptual salience, making it easy to 
discriminate from other Cantonese tones. Some similarities in the ease of 
discrimination of particular tone pairs have been observed between infants 
participated in our study and the Cantonese-speaking adults and children in other 
experimental tasks (Ching, 1984; Fok, 1974; Lui, 2000). We further relate our 
findings to the broader issues of the relative nature of tone in tone perception, and to 




音差另U (Eimas, Siqueland, Jusczyk, and Vigorito, 1971; Jusczyk, Copan, and 





1974; Peng and Wang, 2005)�本篇論文旨在探索學習粵語嬰兒對聲調的知覺能 
力。在本硏究中，我們採用一個普遍使用的行爲評估範式-“視覺上強化的嬰兒 
言言吾辨另IJ範式” [visually reinforced infant speech discrimination paradigm, VRISD] 
(Eilers�Wilson, and Moore, 1977; Kuhl, 1985; Werker, Polka, and Judith, 1997) ’ 以 
查考六至十二個月的嬰兒是否擁有分辨聲調的能力。這個範式最初由Eilers et 
al ( 1 9 7 7 )提出，是用以硏究嬰兒言語知覺的“條件性頭部轉動範式” 
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Studies in infant speech perception over the past three decades have revealed that 
infants can discriminate a wide range of speech and phonetic contrasts at an early 
age, such as consonant distinctions with respect to voicing (Aslin, Pisoni, Hennessy, 
and Percy, 1981; Eimas, Siqueland, Jusczyk, and Vigorito, 1971; Lasky, 
Syrdal-Lasky, and Klein, 1975)，place of articulation (Eimas, 1974; Hillenbrand, 
1984; Jusczyk, Copan, and Thompson, 1978; Moffitt, 1971; Morse, 1972), and 
manner of articulation (Eimas, 1975; Eimas and Miller 1980; Hillenbrand, Minifie, 
and Edwards, 1979)，as well as vowel distinctions (Bohn and Polka, 2001; Kuhl and 
Miller, 1982;Trehub�1973). 
In addition to the findings on infants' ability in discriminating various 
segmental contrasts, some studies have also demonstrated infants' ability to perceive 
differences in fundamental frequency (Fo) and pitch contour. Infants at around two 
months old can discriminate a rising versus a falling intonation contour on 
synthesized syllables such as [ba] (Morse, 1972), [ra] or [la] (Karzon and Nicholas, 
1989)，and syllables [ba] produced by a female speaker (Sullivan and Horowitz, 
1983). Infants can also distinguish between a monotone and a falling intonation 
contour embedded in synthesized syllables such as [i] or [a] (Kuhl and Miller, 1982). 
Infants could also discriminate a change in peak Fo within the final syllable of 
bisyllabic or trisyllabic speechlike stimuli (Bull, Eilers, and Oiler, 1985). 
1 
Findings from these studies have provided us with the understanding that 
infants are able to discriminate different pitch contours (i.e. a falling intonation 
contour with either a monotone or a rising intonation contour) and FQ changes in 
speech or speechlike stimuli (i.e. stimuli with comparable segmental structure, Fq 
excursion and duration as syllables in speech). However, the results could only 
provide evidence of discrimination in artificially manipulated syllables which bear 
no phonemic contrast in the language. We have no evidence to indicate whether 
infants can discriminate tonal contrasts from natural speech stimuli that are 
phonemic in nature. In addition, except for the evidence from Bull et al (1985), 
which showed that infants could discriminate Fq increment with magnitude as small 
as 5 Hz in the final syllables of bisyllabic or trisyllabic stimuli, the other results have 
only attested to infants' ability to discriminate syllables with different pitch contours. 
Thus, the extent to which infants are sensitive to pitch contrasts that are 
linguistically relevant and their ability to discriminate syllables with the same pitch 
contour but varying pitch height remains to be ascertained. 
In tonal languages, pitch serves to contrast words of different meanings. 
Speakers of a tonal language must be able to discriminate differences in fundamental 
frequency and understand how variations in FQ height and contour contribute to 
lexical contrasts. Although we are not certain of the exact onset of such 
discrimination ability in infants acquiring a tonal language, it is crucial for these 
abilities to manifest themselves at certain points in infants' development. In other 
words, infants' ability to perceive and discriminate linguistically relevant Fq 
variations is believed to be a prerequisite for the acquisition of tonal contrasts. 
Recent research has shown evidence of a link between speech perception 
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ability in infancy and later language development, thus pointing to the possibility 
that the process of language learning may have begun before the stage of babbling 
and/or the production of first words. English infants' discrimination performance on 
a non-native Spanish VOT contrast (/ta/ vs. /da/) at 11 months was found to be 
negatively related to their word comprehension ability at the same age (Conboy, 
Rivera-Gaxiola, Klarman, Aksoylu, and Kuhl, 2005). The discrimination 
performance by another group of English infants on a non-native Mandarin Chinese 
fricative-affricate contrast (/pi/ vs. at 7 months was also found to be negatively 
correlated with word production at 18 months and 24 months, and sentence 
complexity at 24 months (Kuhl, Conboy, Padden, Nelson, and Pruitt, 2005). In 
contrast, their discrimination on a native English place contrast (/ta/ vs. /pa/) at 7 
months was positively correlated with word production at 18 months, sentence 
complexity at 24 months, and mean length of the longest three utterances at 24 
months (Kuhl et aL, 2005). Similar correlation evidence was also found on vowel 
contrasts: the discrimination on synthetic vowels (/u/ vs. /y/) by 6-month-old English 
infants was significantly correlated with some items of their CDI language scores' 
(the items include phrases understood, words understood, words produced, early 
gesture and late gesture) at 13, 16 and 24 months respectively (Tsao, Liu, and Kuhl, 
2004). However, whether there is a similar correlation link between the 
discrimination performance of tone perception in infancy and later tonal acquisition 
remains an unexplored issue. 
‘ T h e MacArthur Communication Development Inventories (GDIs) is a tool for measurement of 
language development based on reports by parents of their children's comprehension and production 
on words and single sentences (Fenson et aL, 1994). 
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Despite the important role played by pitch in tonal languages, very few 
investigations have addressed the issue of tone perception in infants acquiring a 
tonal language. In a pitch-accent language, Japanese infants at the ages of 4 - � 6- , and 
8-months could discriminate a list of bisyllabic high-low (H-L) words from another 
list of low-high (L-H) words (Sato, Sogabe, and Mazuka, 2006). Such sensitivity to 
H-L versus L-H pitch contrasts was also exhibited by non-native French newborns 
(Nazzi, Floccia, and Bertoncini, 1998). Six- to 8-month-old Yoruba infants were 
sensitive to pitch differentials of 20 Hz in isolated synthesized syllables only at a 
pitch region close to where adults could discriminate between the high and mid level 
tones in their language (Harrison, 2000). One-year old Mandarin-acquiring infants 
(Tsao, Liu, and Hsiao, 2006) were able to discriminate a pair of acoustically distinct 
syllables (in terms of differences in FQ height and Fo contour) produced by a native 
female speaker, Tone-1 (high-level) versus Tone-3 (dipping), with an average 
correctness rate of 73.9%. However, discrimination was less satisfactory on the 
other two pairs, with 61.93% for Tone-2 (rising) versus Tone-4 (falling), and 57.96% 
for Tone-2 (rising) versus Tone-3 (dipping), which are acoustically more similar than 
the Tone-1/Tone-3 pair. These studies have provided us with the understanding that 
infants acquiring a tonal language possess the ability to discriminate at least some of 
the tones in their native language, while there is still large variability in terms of the 
discrimination performance on different tonal contrasts and across subjects. 
The study of tone perception by Cantonese-acquiring infants deserves special 
significance because infants cannot master the entire set of tonal contrasts in 
Cantonese by making use of merely a single acoustic parameter (i.e. Fq height or 
contour). Cantonese has a complex tone system with six long tones and three short 
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tones on checked syllables (Chao, 1947; Cheung, 1972; Hashimoto, 1972). The six 
long tones include three level tones, two rising tones, and one falling tone. For 
example, the level tones require Fq height difference for discrimination, the 
high-rising tone and the mid-low falling tone could be discriminated by Fq contour 
difference, while the mid-low level tone and the mid-low rising tone involve the 
utilization of both Fq height and contour for discrimination. 
Previous studies on infant tone perception could not shed light on how acoustic 
parameters are utilized by infants acquiring a tonal language as complicated as 
Cantonese. The three tones in Yoruba have the same level contour but differ in pitch 
height; the four Mandarin tones all differ in their Fq contours. It is possible that the 
Yoruba infants discriminate tones primarily based on difference in Fq height while 
the Mandarin-acquiring infants may discriminate the tones based only on the Fq 
contours. However, a tone perception mechanism based on a single acoustic 
parameter (with pitch height or pitch contour) may not suffice for the acquisition of 
Cantonese since infants have to be able to utilize cues from a combination of 
acoustic parameters in discriminating the Cantonese tones. 
Tone perception by Cantonese acquiring infants also merits study because even 
native-speaking adults have been found to confuse some tonal contrasts in 
experimental tasks (Fok, 1974; Peng and Wang, 2005). One might ask whether 
infants would show similar pitch confusion patterns as adults, and whether they are 
free from these limitations at an early age. 
This thesis is an exploratory study on the perception of Cantonese tones in 
infants acquiring Hong Kong Cantonese as their native language. In this study, we 
examine whether infants at the age of 6- to 12-months old possess the ability to 
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discriminate tones and whether they have reached a level of competence in tone 
perception similar to their adult counterparts. We assess the ease of discrimination of 
the tone pairs, and propose possible explanations for such differences with reference 
to the acoustic properties of the Cantonese tones. 
Our study focuses on a selected set of tone pair combinations. One set consisted 
of tones with different Fq contours, including the pairs of high-level 
tone(Ti)/mid-low falling tone(T4) and high-level tone (Ti)/mid-low rising tone (T5). 
The other set consisted of the level tones, which include the pairs of high-level tone 
(Ti)/mid-low level tone (丁6)，high-level tone (Ti)/mid-level tone (T3), and mid-level 
tone (T3)/ mid-low level tone (丁6). Using a well-established behavioral assessment 
paradigm, the conditioned head-turn procedure (Eilers, Wilson, and Moore, 1977; 
Kuhl, 1985; Werker, Polka, and Judith, 1997)，we tested Hong Kong infants between 
the ages of 6 months and 12 months old. Based on the assumption that an infant's 
behavioral response is positively related to the ease of tone discrimination, we 
propose the hypothesis that the degree of ease in discrimination varies in accordance 
with the acoustic difference between the tones. That is, the greater the acoustic 
difference, the better the discrimination. For instance, tones that lie at the two ends 
of the relative pitch scale are easy to discriminate. Among the three level tones, it is 
hypothesized that best discrimination is achieved between the high-level tone (55) 
and the mid-low level tone (22), as their acoustic distance is the greatest among the 
three level tone pairs. Poor discrimination is most likely to occur between tones of 
adjacent levels, specifically the mid-level tone (33) with the mid-low level tone (22). 
This introductory chapter has presented an overview of the rationale for the 
study of tone perception by infants acquiring a tonal language. Chapter Two reviews 
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various issues and findings related to the current study. It begins with infants' 
perceptual abilities in the discrimination of several aspects of speech, including 
contrasts in segments, syllabic pitch contour and lexical tones. Following this, we 
outline some of the salient characteristics of the Cantonese tonal system and 
highlight several of the major phenomena found in the perception of Cantonese 
tones by native-speaking adults and children, and tone acquisition by 
Cantonese-acquiring children. 
Chapter Three is the main body of our study. In this chapter, we introduce the 
'visually reinforced infant speech discrimination paradigm (VRISD)' (Eilers et al,, 
1977)，one of the versions of the conditioned head-tum procedure that we have 
adopted for the perception experiments of our study and some related 
methodological issues. The chapter also covers implementation details of the infant 
perception experiments that we have carried out on the discrimination of Cantonese 
tones, which included the methodological principles adopted, procedural flow, 
experimental scheme, experimental settings, as well as the stimuli used and subjects 
recruited. 
Chapter Four reports on findings of our perception experiments and gives our 
interpretation of the results. Chapter Five is the concluding chapter which 
summarizes the major findings of our study, and discusses these results in the larger 




Starting from the pioneering work of Eimas et al. (1971)，which assessed 2-month 
olds' discrimination of voicing contrasts, the invention of methods for assessing 
infant perception has made it possible to explore how infants perceive phonetic 
distinctions before their production of speech and words. Over the past three 
decades, a great variety of research has been carried out on how infants discriminate 
various speech contrasts. In this chapter, we demonstrate the sophisticated 
perceptual abilities of infants by first reviewing some of the capabilities that infants 
have been found to possess in their perception of speech, which include their 
sensitivity to various consonant distinctions with respect to voicing, place and 
manner of articulation, and vowel distinctions. We then examine what has been 
discovered about infants' ability to distinguish fundamental frequencies (Fo) and 
pitch contours in the context of monosyllables and multisyllables, and discuss some 
recent studies on infants' discrimination of tones in tonal or pitch-accent languages. 
To pave way for our study on the perception of Cantonese tones in infants 
acquiring a tonal language, we refer to some of the prominent characteristics of the 
Cantonese tonal system and report on how the native Cantonese-speaking children 
and adults perceived the Cantonese tones in experimental tasks based on previous 
studies, and some of the characteristics as found in tone acquisition by 
Cantonese-acquiring children. 
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2.1 Infants，Perception of Speech Contrasts 
Previous studies on infants' perception of speech contrasts have demonstrated their 
sensitivity to a great diversity of phonetic contrasts starting from early infancy. 
Infants were found to be capable of discriminating many kinds of phonetic contrasts 
that exist in the world languages, including both the ones that are phonemic in their 
languages and the ones that are not. They could distinguish consonantal contrasts 
which vary in dimensions such as the Voice Onset Time^ (Aslin et aL, 1981; Eimas 
et aL, 1971; Lasky et aL, 1975), place and manner of articulation (Eimas, 1974， 
1975; Eimas and Miller, 1980; Hillenbrand, 1984; Hillenbrand et aL, 1979; Jusczyk 
et al., 1878; Moffitt�1971; Morse, 1972). They could also discriminate some vowel 
contrasts (Bohn and Polka, 2001; Kuhl and Miller, 1982; Trehub�1973). Apart from 
that, there was also evidence showing infants' sensitivity towards suprasegmental 
contrasts, such as the ability to distinguish different intonation contours (Bull et al, 
1985; Karzon and Nicholas, 1989; Kuhl and Miller, 1982; Morse, 1972; Sullivan 
and Horowitz, 1983) and tones in lexical or tonal languages (Harrison, 2000; Nazzi 
et al.’ 1998; Sato et al.’ 2006; Tsao et al, 2006). They were also found to be 
sensitive to some prosodic features of the language, such as the placement of stress 
(Jusczyk, Cutler, and Redanz, 1993; Spring and Dale, 1977)，and the allocation of 
pauses that mark clauses (Jusczyk et al,, 1992). 
Our review focused on the exploration of contrasts in (i) consonants, vowels, 
and syllabic pitch; (ii) tones in tonal/pitch-accent languages, which are all 
2 Voice Onset Time (VOX) is the time delay between the onset of the stop burst and the 
commencement of vocal cord vibration (Lisker and Abramson, 1967，1970). 
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considered to be contrastive within the internal organization of syllables. With 
abundant evidence of infants' discrimination of segmental contrasts in early infancy, 
we examine whether their sensitivity to pitch contrasts project a similar 
developmental trajectory as that of segmental contrasts. 
2.1.1 Discrimination of Segmental Contrasts 
Stop consonants cued by Voice Onset Time (VOT) 
Eimas et al. (1971) conducted the first study in assessing infants' ability in speech 
discrimination. Using the high-amplitude sucking (HAS) procedure, they compared 
the discrimination of two synthetic speech sounds of Ihl and /p/ separated by a fixed 
difference in Voice Onset Time (VOT) under 2 conditions: across 
phoneme-boundary and within phoneme-boundary, on the 1- and 4-month-old 
infants. Three variations of Ihl and /p/ were used as test stimuli: [ba] with VOT at 
-20，0 and 20 ms and [pa] with VOT at +40，+60 and +80 ms respectively. The three 
testing conditions were: (i) across boundary contrast with VOT difference of 20 ms 
(the condition of 20D), (ii) within boundary contrast with VOT difference of 20 ms 
(the condition of 20S), and (iii) control condition with no change in VOT contrast 
between the two stimuli. 
The HAS procedure is based on the principle that the rate of sucking of infants 
would decrease after they are exposed to the same stimuli for a period of time, 
known as habituation. Results showed that there was significant increment in the 
rate of sucking in the 20D condition whereas there was decrement in sucking for the 
20S and the control conditions, revealing that infants could discriminate speech 
sounds that differ across phoneme-boundary with respect to VOT in a categorical 
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manner^. 
A different finding was reported in Aslin et al. (1981) that 6- to 12-month-old 
infants from an English-speaking environment were able to discriminate along a 
VOT continuum (composed of synthetic labial stop CV syllables) ranging from — 70 
msec to +70 msec differing in 10 msec steps of VOT with above-chance level of 
percentage correct. English adult controls discriminated VOT contrasts with a 
smaller VOT difference on average at regions around the English adult voicing 
boundary, thus showing their heightened sensitivity to VOT differences at around 
the voicing boundary while the infants did not show a strong effect on such 
differences. Being tested using the operant head-turn technique, infants were able to 
discriminate VOT contrasts which did not coincide with the English adult voicing 
boundary. 
Four- to 6.5-month-old infants from monolingual Spanish speaking families 
could discriminate bilabial stop consonants of synthesized syllables that differed in 
VOT of: (i) -60 and -20 msec; and (ii) +20 and +60 msec (Lasky et al, 1975). The 
first set corresponded to the English boundary for adults (as reported by Lisker and 
Abramson, 1970) while the second one did not correspond to any phonetic 
categories in their language. However, infants failed to discriminate between VOT 
values of -20 msec and +20 msec which was the Spanish boundary (as reported by 
Lisker and Abramson, 1970). These results showed that Spanish-acquiring infants 
3 Categorical perception is defined as the imposition of perceptual categorical boundaries at 
scientifically arbitrary values within a continuum, so that values on the same side of the boundary 
will be perceived as belonging to the same category, whereas values on opposite sides of the 
boundary will be perceived as belonging to different categories (Liberman, Harris, Hoffman, and 
Griffth, 1957). 
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have phonetic categories different from their adult counterparts. 
Results from different studies have commonly found infants' sensitivity to 
discriminate the VOT contrast at around the voicing boundary of English adults, no 
matter whether the infants came from an English-speaking environment or not. They 
could also discriminate some voicing contrasts which did not coincide with any 
phonetically-relevant ones, and the degree of categoricalness in perceiving the 
voicing contrasts was less in infants than in adults. 
Differences in place and manner of articulation 
Among the voiced stop consonants, /b/，/d/ and /g/ are produced at different places 
of articulation. Infants at around 5- to 6-months (20-24 weeks) could discriminate 
between synthetic syllables of [bah] from [gah] using the paradigm of cardiac rate 
measures (Moffitt, 1971). Similar results of [ba] - [ga] discrimination on synthetic 
syllables were also found on younger infants of 2-months old (40-54 days) tested 
with the high-amplitude sucking procedure (Morse, 1972). Two- to 3-month-old 
infants could also discriminate synthetic speech sounds of [dae] against [gae] in a 
categorical manner using the high-amplitude sucking procedure (Eimas, 1974). 
In addition to the discrimination ability on place of articulation contrasts with 
regard to stop consonants, infants could also discriminate between fricatives, such as 
the voiceless labiodental [f] versus the dental [e] (Holmberg, Morgan, and Kuhl, 
1977; Levitt, Jusczyk, Murray, and Garden, 1988) and the voiced labialdental [v] 
versus the dental [6]. They could also distinguish between the labial glide [w] from 
the palatal one [j] (Jusczyk et al., 1978), as well as nasal place contrasts [m] - [n] 
(Hillenbrand, 1984). 
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Infants were also found to discriminate some of the consonants that differ in 
manner of articulation. Eimas and Miller (1980) found that 2- to 4-month-old infants 
could discriminate between an initial stop consonant [b] form a semivowel [w] in 
synthetic syllables of [ba] and [wa] respectively, using the high-amplitude sucking 
procedure. Discrimination on the same pair of contrast was also evident in 6- to 8-
month-olds (Hillenbrand et al.’ 1979). Two-month olds could discriminate between 
[ra] and [la] (Eimas, 1975). 
We can see that infants can discriminate various consonantal contrasts with 
respect to place and manner of articulation. They can discriminate dental, 
labialdental, alveolar, or palatal consonants from labial consonants of the same 
manner of articulation, whether they aire stops, fricatives, glides or nasals. 
Vowel contrasts 
In addition to the capability in discriminating consonantal contrasts, there was also 
evidence showing infants' ability in discriminating some vowel contrasts. One- to 
4-month-old (4-17 weeks) infants could discriminate the high-front vowel [i] from 
the low-back vowel [a], as well as the high-front vowel [i] from the high-back vowel 
[u] in a nonnutritive sucking procedure (Trehub, 1973). They could also discriminate 
the vowel [a] from [i] when the vowels were embedded in consonant-vowel format 
with different consonants, such as [pa] — [pi] and [ta] — [ti] in the same study. 
Infants' discrimination on the low-back vowel [a] versus the high-front vowel [i] 
was also evident in another group of infants with similar age range (4-16 weeks) 
tested in the high-amplitude sucking procedure (Kuhl and Miller, 1982). A follow-up 
test (Kuhl and Miller, 1982) showed that infants were capable of making 
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discrimination on this pair of vowel contrast even when there was variation in a 
second dimension of pitch (monotone'^ or falling). 
Eight-week-old infants were found to discriminate vowels in a continuous 
manner when tested in the high-amplitude sucking procedure (Swoboda, Morse, 
Leavitt, 1976) on stimulus pairs with equal acoustic differences for both within and 
between the adult phonetic categories. The stimulus pairs consisted of pairs of 
synthesized vowels that differed in equal logarithmic steps along the /i/ to /I/ 
continuum. 
Infants' vowel discrimination ability was not limited to the discrimination 
between individual tokens of different vowel categories. Six-month-old infants 
demonstrated the ability to recognize similarities among two vowel categories of /a/ 
and III when tested under the conditioned head-turn procedure (Kuhl, 1979). In the 
study, infants were trained to discriminate two dissimilar vowel categories: [a] and [i] 
produced by computer-simulated male voice. It was demonstrated that the infants 
were able to transfer the learning produced by the male talker to the tokens produced 
by computer-simulated female and child voices, as well as with pitch variations 
(either a rising or a falling contour). Thus, it showed that 6-month-old infants were 
able to recognize the similarity among phonetic units when they were spoken to by 
different talkers with pitch variations. 
A recent study (Bohn and Polka, 2001) has demonstrated that infants (6- to 
12-month-old) were able to utilize either target spectral information or dynamic 
spectral information in vowel discrimination. Target spectral information refers to 
the steady-state maximum and minimum formant frequencies as found near the 
4 A monotone here refers to a syllable with uniformly identical Fq value over the whole syllable. 
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central part of a vowel which reflects the articulatory target of the vowel; whereas 
dynamic spectral information refers to the onset and offset portions of a vowel 
which contain transitional information due to co-articulation effect from the 
preceding and following consonants (Jenkins, 1987). German infants were tested on 
four pairs of German vowel contrasts: /i/-/e/, /e/-/I/, Ill-Id, and Id-Id in tokens 
modified from naturally produced /dVt/ syllables under eight experimental 
conditions that varied in the types or amounts of acoustic information available for 
vowel discrimination. Token manipulation was made on the onset, center, and/or 
offset portion(s)5 of the vowel part of the stimuli. Infants were able to discriminate 
the vowel contrasts in comparable degree of performance under conditions where (i) 
complete acoustic information was available (FULL 6), (ii) dynamic spectral 
information with durational information unmodified was available (Silent Center, 
SC?)，or (iii) target spectral information with durational information unmodified was 
Q 
given (Vowel Center, VC ). However, infants failed to make discrimination when 
only the onset (Initial, INI^) or offset information (Final, FIN*®) was available with 
durational information maintained. The discrimination ability was also greatly 
5 Based on the authors' definition (Bohn and Polka, 2001), the onset portion of a vowel included the 
release burst, the VOT, and the first three pitch periods; the offset portion consisted of the release 
burst and a minimum of three pitch periods of the closure duration for the final /t/; the center portion 
refers to the part marked by the end of the onset portion and the beginning of the offset portion. 
6 FULL condition consisted of originally unmodified natural tokens. 
7 Silent Center (SC) refers to the condition where the center portion of each FULL syllable was being 
made to silence, 
8 Vowel Center (VC) refers to the condition where the onset and offset portions were being set to 
silence. 
9 Initial (INI) refers to tokens with silencing in both the center and offset portions of a vowel. 
Final (FIN) refers to tokens with silencing in both the onset and center portions of a vowel. 
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affected when durational information was removed (in conditions of FND, SND, and 
CNDII). 
Results in infants' vowel discrimination indicated that infants were capable of 
discriminating some distinctive vowel contrasts such as /a/ - /i/, as well as some 
more subtle ones such as III - /I/. They were capable of generalizing similarities 
among vowels spoken by different talkers with pitch variations. The discrimination 
of vowels could be performed in the presence of either target spectral information or 
dynamic spectral information, that is, the absence of one of such information does 
not affect the discrimination ability much. 
2.1.2 Discrimination of Suprasegmental Contrasts 
Differences in Fq and pitch contour 
Although much of the research on infant speech perception has centered on the 
discrimination of segmental contrasts, there is another line of research that focused 
on examining infants' discrimination capacities in perceiving differences in Fq and 
pitch contour. Two-month-old infants have been shown to be capable of 
discriminating a rising intonation contour from a falling intonation contour on 
monosyllables. Using the high-amplitude sucking procedure (HAS), infants of 40 to 
54 days old were found to be capable of discriminating a rising Fq contour (rising 
from 120 to 194 Hz at the last 150 msec, Fo change = + 74 Hz) from a falling Fq 
“ F N D refers to FULL syllables with equalized durations approximating the mean value of the eight 
types of vowel used in the experiment. SND refers to Silent Center (SC) syllables with neutralized 
durations of the silent portions among the vowel contrasts. CND refers to Vowel Center (VC) tokens 
with neutralized durations of the silent portions among the vowel contrasts. 
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contour (falling from 120 to 70 Hz at the last 150 msec, Fo change = - 50 Hz) on 500 
msec synthesized [ba] syllables with identical Fo onset (Fo = 120 Hz) (Morse, 1972). 
Similar results were found on 2- to 3-month-old infants tested under the HAS 
procedure on other syllables [ra] and [la] of 400 msec in duration (Karzon and 
Nicholas, 1989). Both the rising and falling contours with the same magnitude of Fq 
change (Fo change = 120 Hz) were used on these syllables. The Fo of the rising 
contour syllables started with 180 Hz for 100 msec and then rose linearly to 300 Hz 
over the last 300 msec, and the Fo of the falling contour syllables started with 300 
Hz for 100 msec and fell linearly to 180 Hz over the last 300 msec. 
Infants were also able to discriminate this set of intonation contrast in natural 
speech stimuli produced by a female adult speaker (Sullivan and Horowitz, 1983). 
Two-month-old infants (range = 55 to 74 days) could discriminate a rising intonation 
(question) from a falling intonation (statement) on the syllable [ba] tested under a 
modified infant-control auditory preference paradigm. The Fo contour of the rising 
intonation rose from 140 to 225 Hz (Fo change = + 85 Hz), while the Fo contour of 
the falling intonation dropped from 150 to 125 Hz (Fo change 二 - 25 Hz). 
A second type of Fo contour contrast that infants could discriminate was a 
monotone versus a falling intonation (Kuhl and Miller, 1982). Four- to 16-week-old 
infants could discriminate a monotone (Fo = 112 Hz) from a falling contour syllable 
of 500 msec synthesized [a] or [i] syllables tested under the HAS procedure. The Fo 
contour of the falling contour syllable first rose linearly from 112 to 132 Hz in the 
initial 100 msec, it then remained at 132 Hz for 40 msec and fell linearly from 132 
to 92 Hz in the remaining 360 msec. One thing to note is that there was no evidence 
of discrimination when infants were presented with stimuli with variations in vowel 
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type (either /a/ or III) on top of pitch variation. In other words, successful 
discrimination only occurred when pitch served as the single dimension of variation 
in the stimuli. 
Five to 11 -month-old infants could detect an increment in Fq peak on final 
syllable of bisyllabic /samad/ (CVCVC) or trisyllabic /masamad/ (CVCVCVC) 
contexts (Bull et al., 1985). Tested with the visually reinforced head-turn 
discrimination procedure, infants performed with above-chance probability in 
discriminating FQ increments of 5-, 10 -�20-, and 30-Hz relative to a 150-Hz peak FQ 
contour. 
Results on infants' capacities in discriminating intonation contrasts have 
provided us with the fact that infants could discriminate a falling contour from either 
a monotone or a rising contour, when presented with natural speech stimuli or 
synthesized stimuli. This discrimination was evident in stimuli of intonation contrast 
with identical Fo onset or same magnitude of Fq change. 
Tonal contrasts in tonal/pitch-accent languages 
In addition to the ability of perceiving differences in FQ changes in artificially 
manipulated intonation contours, a few studies have also revealed infants' ability in 
discriminating tones, in terms of pitch variations, of pitch-accent/tone languages. 
This section reviews two studies on a pitch-accent language, Japanese, and two 
studies on tonal languages (Yoruba and Mandarin Chinese) respectively. 
In Nazzi et al. (1998)，French newborns with an average age of 68 hours were 
found to be capable of discriminating two lists of Japanese bisyllabic words that 
differed in pitch contour, one with a descending pitch contour (the high-low words, 
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H-L) and the other one with an ascending pitch contour (the low-high words, L-H) 
tested in the High-Amplitude Sucking Procedure (HAS). Their ability to make such 
discrimination could possibly indicate that pitch sensitivity does not require 
linguistic experience in the environment (Nizzi et al., 1998). 
A similar study (Sato et al, 2006) tested the discrimination between H-L and 
L-H words in Japanese infants at the ages of 4-, 6 - � a n d 8-month-olds using the 
visual habituation paradigm (Stager and Werker, 1997). Results demonstrated that 
the looking times of infants at all three age groups were significantly longer during 
the change trials (with stimulus change) than the control trials (without stimulus 
change), thus showing their ability in discriminating the two types of pitch contours 
in Japanese. However, infants at the age of 6- and 8-months did not show 
significantly longer looking time when tested in a second experiment with pure-tone 
stimuli extracted from the Fo of each word. In other words, the 6- and 8-month-olds 
could discriminate the different pitch contours only when they were in full syllables 
with segmental information but not in pure tones. The authors thus proposed that it 
might reflect that the younger 4-month-old infants were more sensitive to prosodic 
cues than the older infants while sensitivity to the phonemic cues might have 
increased from the age of 6-months old. 
Harrison (2000) investigated the perception of Yoruba tones in two groups of 6-
to 8-month-old infants: (i) the Yoruba infants and (ii) the English infants as a control 
group. Yoruba is an African language spoken in western Nigeria and Benin, with 
three level/non-contour tones: high, mid and low. Speech stimuli were synthesized 
from an exemplar of the mid-tone tokens, with frequency values manipulated. The 
synthesized stimuli had a Fo value between 145 and 225 Hz at the onset of the vowel, 
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and the resultant tone pairs were of frequency differential (FD) of 10，20 and 40 Hz 
respectively. 
Among the two Yoruba infants and two English infants who took part in the 
pilot study, results indicated that only the Yoruba infants were capable of 
discriminating some of the synthetic tone pairs with FD of 20 Hz and 40 Hz, while 
the English infants could not discriminate any except one. One Yoruba infant gave 
positive responses to all pairs with FD of 40Hz and some of the pairs with FD of 20 
Hz, but failed in discriminating all the pairs with FD of 10 Hz. The other Yoruba 
infant could discriminate one pair from the FD of 40 Hz group (200/240 Hz) and 20 
Hz group (220/240 Hz) respectively, which were the pairs with the highest 
frequency values among the test pairs of each FD group. 
Among the 6 Yoruba and 6 English infants who took part in the main test, only 
the pair of 190/210 Hz received statistical significant level of successful 
discrimination from the Yoruba infants. The English infants, again, showed no 
interest to any of the tone pairs. We should note that the Fo values of this pair lie 
close to the pitch region where native adult speakers could make the discrimination 
between the high and the mid-level tones in the part of the perception experiment 
testing adults. 
Based on these results, we could see that the Yoruba infants only showed 
sensitivity at a pitch region which bears phonemic significance. They were also 
more sensitive and pay greater attention to pitch changes on the Yoruba tones than 
the English control group at the age of 6- to 8-months old. Their sensitivity to pitch 
changes is a possible indication that linguistic experience has already imposed some 
effects on infants' perceptual abilities. 
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Tsao et al. (2006) examined the tone perception ability in Mandarin-acquiring 
infants of 10- to 12-months old using the conditioned head-turn procedure. They 
aimed at assessing the possible role of auditory basis in developing lexical tones by 
examining whether the degree of acoustical similarity between lexical tones could 
affect the perceptual performance in infants. With the use of natural speech stimuli 
in equalized root-mean-square (RMS) ampl i tude three tone pairs were tested out 
of the four tones in Mandarin Chinese'^: the high-level tone (Tone-1) with the 
low-dipping tone (Tone-3), the high-rising tone (Tone-2) with the low-dipping tone 
(Tone-3), and the high-rising tone (Tone-2) with the high-falling tone (Tone-4). 
Acoustically, the high-level tone (Tone-1) and the low-dipping tone (Tone-3) 
are very distinct from each other. In terms of their contours, the high-level tone 
(Tone-1) is level while the low-dipping tone (Tone-3) is falling-rising; in terms of 
pitch height, the whole Fq curve of the high-level tone (Tone-1) is higher than that of 
the low-dipping tone (Tone-3) with no overlapping or cross-over between the two 
tones. For the other two tone pairs, they are acoustically more similar than the first 
tone pair. In terms of FO height, the FQ curves of both the high-rising tone (Tone-2) 
and the high-falling tone (Tone-4) overlap with some parts of the low-dipping tone 
(Tone-3), indicating that the Fq height of the tones in these two pairs share some 
degrees of similarity in terms of Fo height. In terms of Fo contours, both the 
high-rising tone (Tone-2) and the high-falling tone (Tone-4) share a similar Fo 
12 RMS is also known as the quadratic mean, which is a measure of the magnitude of a varying 
quantity. RMS is calculated by taking the square root of the mean of the summation of squared values 
of the varying quantity. 
13 The four tones in Mandarin Chinese are: the high-level tone (55) [Tone-1], the high-rising tone (35) 
[Tone-2], the low-dipping tone (214) [Tone-3], and the high-falling tone (51) [Tone-4] (Chao, 1948). 
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contour to part of the contour of the low-dipping tone (Tone-3): the falling contour 
of the high-falling tone (Tone-4) is similar to the first half of the falling Fo contour 
of the low-dipping tone (Tone-3), and the rising contour of the high-rising tone 
(Tone-2) is similar to the second half of the rising Fo contour of the low-dipping tone 
(Tone-3). 
Results from the percentage of correctness indicated that infants performed 
significantly better on the pair of acoustically distinct tones (Tone-1/Tone-3�mean = 
73.9%) than the other two tone pairs (mean = 61.9% for Tone-2/Tone-3 and 57.96% 
for Tone-2/Tone-4 respectively). The percentages on the latter two pairs are indeed 
just slightly above the chance probability of 50% correct, thus implying a low 
discrimination rate on these acoustically similar tone pairs. 
Based on the results, the authors (Tsao et aL, 2006) claimed that the degree of 
acoustic similarity could affect tone perceptual performance in one-year-old 
Mandarin-acquiring infants. Their relatively poor performance in some tone pairs 
indicates that the relevant perceptual ability is still in the process of development. 
2.2 The Cantonese Tonal System 
In motivating the choice of stimuli for our tone perception experiments on 
Cantonese-acquiring infants, we first make a number of observations about the 
distribution of Cantonese tones in the following section. 
2.2.1 Properties and Classification of the Cantonese Tones 
Cantonese is a tonal language in which difference in pitch value is used to encode 
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lexical contrasts. The use of pitch in this manner is known as lexical tones (Bauer 
and Benedict, 1997). According to Wang's (1967) classification'"^ of the tonal 
languages in the world, tonal languages belonging to the linguistic area of 'almost 
all of the tone languages of the Sino-Tibetan family together with many neighboring 
languages of Southeast Asia' are typically more complex than tonal language 
belonging to other linguistic areas. Cantonese, as a member of this linguistic area, is 
of no exception. There are six tones plus the three entering tones in Cantonese (Chao, 
1947; Cheung, 1972; Hashimoto, 1972). These tones are represented in standard 
format using a tone-letter labeling scheme on a relative five-point scale devised by 
Chao (1930). In this system, a tone letter label of '5' represents the highest value and 
‘1 ‘ represents the lowest value of the tonal inventory. 
The Cantonese tones could be classified using three pitch levels (high, mid, and 
low) and three pitch contours (level, rising, and falling) (Bauer and Benedict, 1997). 
In this study, we adopt the transcription system j'yut-ping devised by the Linguistic 
Society of Hong Kong (Linguistic Society of Hong Kong [LSHK], 1997). The 
Cantonese tones are labeled in numerical values from ‘1’ to ‘9，，according to the 
labeling system of jyut-ping. The six tones are henceforth labeled as the high level 
tone (Ti)，the high-rising tone (T2), the mid-level tone (T3), the mid-low falling tone 
(T4), the mid-low rising tone (T5)，and the mid-low level tone (丁6). The entering 
tones are defined as tones on checked syllables, with voiceless stop codas of /p/，/t/ 
or /k/. These three tones are labeled as the high-entering tone (T7), the mid-entering 
14 According to Wang (1967)，the three major linguistic areas are: (i) certain clusters of American 
Indian languages, (ii) the vast majority of African languages, and (iii) almost all of the languages of 
the Sino-Tibetan family together with many neighboring languages of Southeast Asia. 
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tone (Tg), and the mid-low entering tone (T9). As these three tones share the same 
pitch value and contour (Chao, 1947; Hashimoto, 1972) as the three level tones 
(high, mid, and mid-low), they are generally grouped into the tonal categories of the 
three level tones respectively. Table 2-1 summarizes some of the ways that the 
Cantonese tones are being labeled, with the first column providing the labeling 
system of tones as adopted in jyut-ping. 
Table 2-1 
The classification of Cantonese tones by different scholars 
Bauer & 
Chao Cheung Hashimoto W.S. Lee 
Benedict 
(1947) (1972) (1972) (1999) 
(1997) 
High level (Ti) 55/53 55/53 55/53 55/52 55 
High rising (T2) 35 35 35 25 25 
Mid level (T3) 33 33 44 33 33 
Mid-low falling (T4) 21 21 21/22 21 21 
Mid-low rising (T5) 23 13 24 23 23 
Mid-low level (Tg) 22 22 33 22 22 
High-entering (T7) 5 5 5 5 5 
Mid-entering (丁8) 33 33 4 33 3 
Mid-low entering (T9) 22/2 22 3 22/2 2 
2.2.2 Distributional Pattern of the Cantonese Tones 
Recent acoustic analyses of the Cantonese tones (W.S. Lee, 1999; Liu, 2001; Peng 
and Wang, 2005) have provided concrete evidence on the relative Fq distribution of 
the Cantonese tones in the acoustic space based on data of Fq height and contour. 
Figure 2-1 demonstrates a Fo plot of the 6 Cantonese tones on the same root word 
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/si/ produced by a female native-speaker based on acoustic measurements using 
Praat conducted by us. The recordings were carried out in a quiet room, and the 
female speaker was required to produce each of the six Cantonese tones of the root 
word /si/ according to a randomized list of test tokens, in a natural manner with 
pulses between syllables. It was found that our FQ plot generally resembled those 
reported in previous studies (W.S. Lee, 1999; Liu, 2001; Peng and Wang 2005). 
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Figure 2-1. Fq plot of the 6 Cantonese tones with the same root word /si/ 
produced by a native female speaker 
By examining the Fq plot of the Cantonese tones, we observe that the high-level 
tone (Ti) stands out from the other tones in terms of its pitch height. The Fq contours 
25 
of the other two level tones, the mid-level tone (T3) and the mid-low level tone (丁6)， 
are slightly falling towards the end portion of the curves. In terms of distance 
between the tones with respect to Fo height, we notice that the relative distance 
between the high-level tone (Ti) and the mid-level tone (T3) is about two times than 
the distance between the mid-level tone (T3) and the mid-low level tone (丁6). This 
indicates that the mid-level tone (T3) is further apart from the high-level tone (T!) 
than from the mid-low level tone (丁6). 
The mid-low falling tone (T4) starts with a slightly lower Fo height than the 
mid-low level tone (丁6), and it has a falling contour which extends to the lower limit 
of the overall Fo range of the whole Cantonese tonal inventory. The Fo onsets of the 
two rising tones, the high-rising tone (T2) and the mid-low rising tone (T5) are quite 
similar. With reference to the Fo peaks at the offsets, the high-rising tone (T2) 
reaches the Fo height of the high-level tone (Ti) and the mid-low rising tone (T5) 
reaches the Fo height of the mid-level tone (T3). 
An alternative way of analyzing the distribution of the Cantonese tones was 
provided by Peng (2006) through the construction of tone balloon diagram following 
the classical vowel balloon diagram constructed by Peterson and Barney (1952). The 
data consisted of 164,191 tokens (20,378 utterances from 34 female and 34 male 
speakers) taken from the Cantonese database [CUSENT] (T. Lee, Lo, Ching, and 
Meng, 2002). A tone balloon was constructed for each of the Cantonese tones by 
drawing minimum ellipses of varying areas to cover 90% of the points by taking into 
account two parameters, Fo height and Fo slope. From the tone-balloon diagram, it 
can be observed that the high-level tone (Ti) is well separated from the other tones 
in terms of Fo height and slope. On the other hand, a considerable portion of 
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overlapping is found in two pairs of tones, the mid-level tone (T3) with the mid-low 
level tone (丁6) and the high-rising tone (T2) with the mid-low rising tone (T5). The 
lower Fo portion is also found to be densely crowded as compared with the higher Fo 
portion with reference to the scale of Fo height. 
In our study, we adopted the tone-letter scheme of W. S. Lee (1999) based on 
the available acoustic evidence. With reference to the Fo acoustic data we have 
discussed so far, we know that the high-level tone (Ti) is very distinctive from the 
other Cantonese tones. The lower portion of the Fo range of the Cantonese tones is 
crowded with a cluster of four tones, the high-rising tone (T2), the mid-low rising 
tone (T5), the mid-low falling tone (T4), and the mid-low level tone (丁6). Among the 
three level tones, the acoustic distance between the high-level tone (Ti) and the 
mid-level tone (T3) is greater than the distance between the mid-level tone (T3) and 
the mid-low level tone (丁6). 
2.3 Tone Perception in Cantonese-Speaking 
Adults and Children 
2.3.1 Tone Perception in Cantonese-Speaking Adults 
Fok (1974) conducted a series of experiments on the perception of Cantonese tones 
in native Cantonese-speaking adults. Speech stimuli used in the tests consisted of 
naturally produced tokens from (i) a native male speaker; (ii) a native female 
speaker; and (iii) a mixture of stimuli from the male and female speakers. 
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Tone identification and discrimination 
Table 2-2 provides a summary on the ranking of the identification of the Cantonese 
tones by adult speakers in terms of the percentage of correctness in Fok (1974). 
Results showed that the rates of correct identification generally exceeded 90% for 
the six tones (Fok, 1974), even adults might make some errors in identifying some 
of the tones in isolated forms, in particular the mid-level tone (T3) and the mid-low 
level tone (丁6). Among the six tones, the high-level tone (Ti) was the one with the 
highest identification score and the mid-level tone (T3) was the least identifiable 
tone. 
Table 2-2 
Ranking of the identification of the Cantonese tones by adult speakers in terms of the 
percentage of correctness in Fok (1974) 
Speech stimuli 
Kank Male Female Mixed(male) Mixed(female) 
T4(99.0%) T, (99.3%) T1/T2/T5 (97.1%) T, (99.1%) 
2ND TI (98.0%) 75(97.0%) T4(95.4%) T5(98.0%) 
3RD T2/T5 (97.2%) T4(95.9%) T6(92.5%) T2(89.6%) 
4'H T6(96.3%) 丁 2 ( 8 4 . 8 % ) 丁 3 ( 7 7 . 9 % ) T,{19.9%) 
5'H T3(92.3%) T6(68.2%) T6(67.4�/O) 
6"' T3(60.8%) T3(56.0%) 
Note: Raw data was extracted from Fok (1974). 
For tone confusion patterns, the tone pairs T3 - 丁6 (the mid-level tone with the 
mid-low level tone) and T2 - T5 (the high-rising tone with the mid-low rising tone) 
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were often confused (Fok 1974; Peng and Wang, 2005). 
2.3.2 Tone Perception in Cantonese-Speaking Children 
Several studies have examined the tone perception ability in Cantonese-speaking 
children, targeting children as young as two to three years old (K. Y.-S. Lee, Chiu, 
and van Hasselt, 2002), four to ten years old (Ching, 1984), four-, six-, ten-years old 
and an adult control group (Lui, 2000). Children were required to decide on a lexical 
item given two choices (K. Y.-S. Lee et aL, 2002; Lui, 2000) or among all six 
possible choices (Ching, 1984) which are Cantonese words sharing the same 
segmental composition but differing in tone. 
Ching (1984) investigated all the thirty-six possible tone combinations in 
Cantonese ( 6 * 6 tones). Lui (2000) modified the test paradigm by (i) reducing the 
number of choices from six to two, hoping to lessen the possible heavy cognitive 
load which might affect the performance of children; (ii) focusing on eight pairs of 
tones only. The eight contrastive tone pairs that were being examined included, 
according to a raw classification, four pairs that differ in contour (henceforth Type-I) 
and four pairs that share similar Fo contour but differ in pitch height (Type-II). The 
eight tone pairs are listed in Table 2-3. 
Extending the study of tone perception to younger children, K. Y.-S. Lee et al. 
(2002) studied children's perception of three basic tones: Ti (high-level), T2 (high 
rising) and T4 (mid-low falling). It examined the relative ease of identifying the three 
tone contrasts, the high-level tone (Ti) with the high-rising tone (T2), the high-level 
tone (Ti) with the mid-low falling tone (T4), and the high-rising tone (T2) with the 
mid-low falling tone (T4), on subjects aged between 2;09 and 3;03. 
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Table 2-3 
Tone pairs tested in Lui (2000) on the perception of tones in Cantonese-speaking children 
Type-I Type-II 
Ti (high-level) - T2 (high-rising) T! (high-level) - T3 (mid-level) 
丁5 (mid-low rising) - Te (mid-low level) Ti (high-level) - 丁6 (mid-low level) 
丁4 (mid-low falling) - 丁6 (mid-low level) 丁3 (mid-level) - 丁6 (mid-low level) 
丁4 (mid-low falling) - 丁5 (mid-low rising) T2 (high-rising) - T5 (mid-low rising) 
Tone identification and discrimination 
The provision of all six possible choices for subjects to choose from in Ching's 
(1984) study has allowed us to evaluate how well each tone could be identified in an 
environment where all possible tone options in Cantonese are available. Results 
indicated that the mid-low rising tone (T5) was the best identified tone for the age 
groups from four to seven; and the mid-low falling tone (T4) was the best for older 
children with ages from eight to ten. On the other hand, the mid-level tone (T3) and 
the mid-low level tone (丁6) were the two least correctly identified tones. 丁6 was the 
least identified tone at ages four, five and seven; while T3 was the least identified 
tone for age groups from six to ten. 
Two highly confusable tone pairs were: T3 - 丁6 (the mid-level tone with the 
mid-low level tone) and T2 - T5 (the high-rising tone with the mid-low rising tone), 
as significant confusion was found on these pairs in Ching (1984) and the rates of 
correct discrimination were always below 80% as reported in Lui (2000). The 
high-level tone (Ti) was also significantly taken as the mid-level tone (T3) in some 
age groups (Ching, 1984). The best detected tonal contrast was between the 
high-level (Ti) and mid-low level (丁6) tones (Lui, 2000). The percentages of 
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accuracy for the remaining five tone pairs as examined in Lui (2000) were quite 
similar to each other, ranging from around 70% for the group of four-year-olds, 90% 
for the group of six-year-olds, and over 90% for the ten-year-olds and adults. 
Among the three tonal contrasts tested in K. Y.-S. Lee et al. (2002), results 
showed that T2 - T4 (the high-rising tone with the mid-low falling tone) was the 
relatively more difficult contrast to detect (mean percentage of accuracy = 87%). 
Tone discrimination on the other two tone pairs was quite good, with over 90% of 
accuracy. 
Furthermore, based on an overall increase in the correct percentage of tone 
identification in the results of Ching (1984) and Lui (2000), we know that there is a 
general improvement in tone perception ability with age. 
2.3.3 Discussion 
By comparing the tone identification performance in Cantonese-speaking adults and 
children, we observe that the mid-low rising tone (T5) was one of the best identified 
tones in both adults and children. Meanwhile, the mid-level tone (T3) and the 
mid-low level tone (丁6) were the poorly identified tones in both adults and children. 
Although the high-level tone (Ti) was highly identifiable in adults, the mid-low 
falling tone (T4) was better identified in children. 
For tone confusion, we note that the mid-level tone (T3) and the mid-low level 
tone (丁6) was often confused with each other, both in adults and children. T3 and 丁6 
are both level tones, and their difference in pitch height is relatively small compared 
with the difference between Ti and T3. Similarly, the high-rising tone (T2) was taken 
as the mid-low rising tone (T5) in both adults and children, but there was difference 
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in the way T5 was perceived between adults and children. T5 was taken as T2 in 
adults but it was taken as T3 in children. One possible reason for the confusion 
between T2 and T5 could be due to the fact that both are rising tones thus they have 
similar pitch contours. They have very similar onset fundamental frequencies and 
they differ much only in the offset fundamental frequencies. 
2.4 Tone Acquisition 
The first study covering the acquisition of tone was conducted by Chao (1973), 
which documented the acquisition of phonological features of the author's 
Mandarin-speaking granddaughter at the age of 28 months. Studies on a variety of 
tonal languages like Mandarin (Chao, 1973; Li and Thompson, 1977)，Cantonese 
(Tse, 1978), Thai (Tuaycharoen, 1977), and Lao (Westermeyer and Westermeyer, 
1977) have reported that correct tone production was mastered well before that of 
segmental production. In addition, longitudinal studies in Mandarin (Li and 
Thompson, 1977) and Cantonese (Tse, 1978) have both found that the period of tone 
acquisition was relatively short. 
In the case of tone acquisition in Cantonese, both Tse (1978) and Tse (1991) 
have made the observation that the high level tone (T!) was the first appearing and 
acquired tone in Cantonese-acquiring children. In Tse (1978), the mastery of the 
high-level tone (Ti) was followed by the mid-low falling tone (T4)，then the 
mid-level tone (T3). The next acquired tone was the high-rising tone (T2), followed 
by the three entering tones (T7’ Tg, and T9). The last two acquired tones were the 
mid-low rising tone (T5) and the mid-low level tone (丁6). 
One major difference between Tse (1978) and Tse (1991) was on the 
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acquisition of the mid-low falling tone (T4). Unlike the case in Tse (1978) that T4 
was an early acquired tone, Tse (1991) reported that it was the sixth tone being 
acquired. The sequence of tone acquisition as found in Tse (1991) was: the 
high-level tone (Ti), the mid-level tone (T3), the high-rising tone (T2), the mid-low 
level tone (丁6)，the high-entering tone (Ty), the mid-low falling tone (T4), the 
mid-low rising tone (T5), the mid-entering tone (Tg), and finally the mid-low 
entering tone (T9). 
Despite some minor discrepancies between the two studies on the actual order 
of appearance of the other tones, the studies agreed on the order of emergence of the 
three entering tones, with the high entering tone (Ty) occurring before the mid 
entering tone (Tg), which in turn appears before the mid-low entering tone (T9). 
A phonetic study on tones by Lee (1999) showed that the Fo contours of the 
nine citation tones in children aged 9- to 10-years old were similar to those of adults, 
except that the absolute frequency ranges differed. 





We have carried out a series of perceptual experiments on the discrimination of 
Cantonese tones, targeting at Cantonese-acquiring infants between the ages of 6 to 
12 months. We have adopted the 'visually reinforced infant speech discrimination 
paradigm (VRISD)' (Eilers et al., 1977; Kuhl, 1985; Werker et al.’ 1997) as our test 
paradigm in assessing tone discrimination ability in infants. This paradigm is one of 
the implementations of the conditioned head-turn procedure, which was originally 
used in clinical audiology for conducting hearing assessment in examining the 
frequency thresholds of infants (Dix and Hallpike, 1947; Haug, Baccaro and 
Guilford, 1967; Suzuki and Ogiba, 1961;). The paradigm was later modified and was 
then widely used in assessing speech discrimination in infants (Eilers et al. 1977). 
The paradigm was found to be suitable for testing infants between the ages of 5.5 
months and 18 months. 
This is a type of behavioral observation measurement which assumes infants' 
capability to learn through the process of operant conditioning (Skinner, 1938, 1953). 
When someone is trained to learn through operant conditioning, a response becomes 
more likely or less likely to occur depending on the consequences. Basically, this 
paradigm conditioned an infant to associate a change in an auditory stimulus with 
the activation of the visual stimulus by making head-turns towards the visual 
stimulus. Successful conditioning with correct head-turns is defined by the making 
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of head-turns towards the visual stimulus after the change in auditory stimulus but 
prior to the activation of the visual stimulus. 
After giving a review on the background of the conditioned head-turn paradigm, 
we provide information on the details of the experiments, such as the experiment site, 
procedure, apparatus and stimuli used. 
3.1 Operant Conditioning 
According to Skinner (1953), the central idea of operant conditioning is that 
behavior could have some effects or consequences on the surrounding world. These 
consequences may affect the likelihood of the future occurrence of the behavior. 
Such principle was developed from Thorndike's Law of Effect (1898), which stated 
that "the responses that are accompanied or closely followed by satisfaction will 
tend to be repeated", also known as reinforcement. On the contrary, those "responses 
that are accompanied or closely followed by discomfort will tend not to be repeated", 
termed as punishment. 
Taking reinforcement as an example of the consequences, the process of 
operant conditioning is the strengthening of a behavior as a result of reinforcement, 
in the sense that there is an increase in the probability of the occurrence of that 
behavior due to the reinforcement. 
3.2 Background of the Paradigm 
The conditioned head-tum paradigm was originally used in clinical audiology for 
conducting hearing assessment to examine the frequency thresholds of infants, in 
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order to have early intervention of possible hearing deficiencies, in the form of 
'pure-tone audiometry'. 
Dix and Hallpike (1947) invented the 'Peep-show test' as an implementation of 
the 'pure-tone audiometry' to assess children between 3 and 7 years old. During the 
test, synchronized impulses of pure-tone and light would be emitted from the 
loudspeaker and signal lamp respectively. An instructor, sitting next to the child, 
instructed the child to press a switch such that he could see the display of a picture 
when it was illuminated with an electric light bulb through a viewing hatch kept 
inside a wooden box. After several repeated trials, the child was expected to make an 
association that by pressing the switch at the presence of either sound or light could 
allow him to view the illuminated picture inside. With such association learnt, the 
signal light was then withdrawn and the actual hearing test began as before, except 
that the child had to press the switch whenever he detected the presence of a sound 
signal alone (as the signal lamp would not be illuminated anymore). 
With its limitation in assessing children under 3 years old, Suzuki and Ogiba 
(1961) proposed a modified version known as the 'Conditioned Orientation Reflex 
Audiometry (COR-audiometry) ‘, which utilized the making of a reflex movement 
response towards the presentation of an unfamiliar stimulus. Instead of using 
pictures as in the 'peep-show test，，they used illuminated dolls as visual reinforcers. 
The test panel consisted of two wings, one on the left and the other on the right of 
the child. In each of the wings, a loudspeaker was placed on top of a semitransparent 
box with a doll inside and some small electric lamps mounted at the back of the box. 
During the test, a test tone was presented through a loudspeaker at one of the wings, 
and the doll would be illuminated one second after the test tone which lasted for 2 to 
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3 seconds. The same procedure was then repeated at the opposite wing. The test 
process was then repeated several times until the child was conditioned to turn his 
face toward the sound source but before the illumination of the visual stimulus. A 
correct response was judged to be a head-turn response in the direction of the 
loudspeaker and the doll box where the test tone was presented. Results showed that 
the test could run on children between one to three years of age with high successful 
rate (greater than 80% for each of the age groups within the specified age range). 
However, the successful rate for children under one-year-old was less than the 50% 
chance level. 
One of the shortcomings of the COR-audiometry was that it only required a 
very slight head movement or simply eye movement for the child to view the visual 
stimulus, which made it difficult for investigators to differentiate true responses 
from random ones. In order to tackle this problem, a further improved version was 
devised as the 'Puppet In Window Illuminated test (PIWI)' (Haug et al, 1967). In 
this method, the visual stimulus was placed at a position of 90-degrees from the 
child. In addition, several different hand puppets were used as visual reinforcers to 
maintain a longer attention span of the child as compared with the use of a single 
visual reinforcer in COR-audiometry. With these modifications, the method was 
proved to be suitable for testing children from 5 months to 36 months of age. 
Based on the principle of utilizing an infant's conditioned head-turn response 
with the application of the methodologies for audiometric assessment reviewed 
above, Eilers et al. (1977) made the first attempt in assessing the discrimination of 
speech by infants with the introduction of the 'visually reinforced infant speech 
discrimination paradigm (VRISD)，. 
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As we generally followed the methodology of the VRISD paradigm (Eilers et 
al； 1977; Kuhl, 1985; Werker et al., 1997) in the implementation of our infant 
perception experiments, details of the methodological details of the paradigm will be 
further described in the following sections, including information on the experiment 
site, procedure of the experiment, experimental scheme and the stimuli used in our 
experiments. 
3.3 Subjects 
The subject recruitment procedure started with the sending of invitation letters to 
parents having children as potentially suitable subjects within our personal 
communication network. Upon agreement on participation in our study, parents had 
to sign a standard consensus form. They were asked to fill in a survey form on the 
linguistic background and language usage of their children. A screening procedure 
was then carried out by checking whether subjects came from monolingual 
Cantonese-speaking families, with both parents and their caretakers as native 
speakers of Cantonese who used Cantonese as the dominant language in daily 
communication with the children. This was done for the purpose of minimizing 
possible influence from linguistic environment by excluding participants whose 
linguistic background did not fit our requirement. In addition, parents had to confirm 
that their children have passed the hearing test as conducted by the Department of 
Health for the sake of preventing the inclusion of subjects suffering from auditory 
deficiencies which could affect their auditory discrimination ability. If a potential 
subject failed to meet any one of these requirements she would not be included in 
our study. 
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For subjects who passed the screening procedure, a short briefing session 
would be provided before the start of the first experiment, which aimed at letting 
parents be better informed about details and procedures of the experiment, 
During an experiment, if an infant was observed to be in any of the following 
conditions, the experiment would to be terminated and she would not be included in 
subsequent experiments. These conditions included: (i) frequent or severe crying; (ii) 
being too restless or impatient to sit still for the process of the experiment; (iii) 
showing a total lack of attention (such as having no interest at all in the Visual 
Reinforcer or having lost interest in it just within several trials). 
3.4 Stimuli Used in the Experiments 
3.4.1 Auditory Stimuli 
We used Cantonese monosyllabic words with the same CV sequence /si/, as all of 
the six tones attached with this sequence yield lexical meanings in Cantonese. The 
speech stimuli were recorded by a female native-speaker of Cantonese, according to 
a randomized list of test tokens. The speaker was required to produce the test tokens 
in a natural manner, with pulses between syllables. Ten tokens were produced for 
each of the six tones, resulting in a total of 60 tokens for all of the tones. Recordings 
were done in a quiet room. 
The acoustic Fo plot of the test tokens of Cantonese tones can be found in 
Figure 2-1 (Ch. 2.2.2). The FQ trajectories were extracted using a computer software 
program, PRAAT. For each tone, the token with the Least Square Error from the 
mean value of that tone was selected as the test stimulus. These test stimuli were 
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also judged by randomly presenting them to 4 adult native-speakers, two males and 
two females. An accuracy rate of 100% was reached by all 4 subjects in a tone 
identification test. 
Two types of tone pairs were investigated: Type-I were tone pairs with different 
FO levels and contours, and Type-II were tone pairs with different FQ levels but the 
same FQ contour. The two tone pairs belonging to Type-I were: /si^ V-Zsi^ V (the 
mid-low falling tone with the high-level tone), and /si^ V-Zsi^ V (the mid-low rising 
tone with the high-level tone). The three tone pairs belonging to Type-II were: 
/ s i22 / - / s i55 / (the mid-low level tone with the high-level tone), (the 
mid-level tone with the high-level tone), and (the mid-low level tone with 
the mid-level tone)'^. The high-level tone (Ti) was chosen as the reference tone for 
most of tone pairs due to its acoustic distinctiveness from other tones and its low 
confusion rate'6. 
During pretest training, it is desirable to choose a pair of auditory stimulus that 
differed along various acoustic dimensions such that they should appear to be easy 
to discriminate for any trainable infant. The pretest training primarily served as an 
initial step in assessing an infant's suitability for participation in the perception 
experiments and familiarized them with the experimental paradigm. We made use of 
15 The mid-level tone (T3) and the mid-low level tone (Te) were found to be a pair of tone which has 
a relative high percentage of confusion (see Ch. 2.3.1). Some other highly confusable tone pairs 
which were not examined in the current study, such as the high-rising tone (T2) and the mid-low 
rising tone (T5), and the mid- level tone (T3) and the mid-low level tone (丁6), also deserve 
investigation in future experiments. 
16 In the current study, the direction of stimulus change for each tone pair was set constant. It is 
possible that discrimination performance may differ to some extent with regard to the direction of 
stimulus change. Further experiments with the swapping of the order of stimulus presentation could 
examine possible effects as exerted by the directionality of stimulus change. 
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two music melodies and/or a pair of Cantonese words that differed in segmental 
structure and tone (/fu^V - /ba^V) as the pretest stimuli for training. The two 
melodies had different pitch range, melodic contour, rhythm, tempo, and timber. 
3.4.2 Visual Stimuli 
In the VRISD paradigm, a visual reinforcer was used to provide reinforcement to the 
desired behavior of head-turning at sound stimulus change. It was placed at a 
distance of approximately one foot to the right-hand side of the infant, requiring a 
ninety-degrees right head-turn to be directly viewed through an infant's visual field. 
Four complex visual reinforcers were used in our experiments, in a rotational 
manner. If an infant lost interest in one of the VRs, we would change it to another 
one. The effectiveness of a single visual reinforcer was limited due to the 
consequence of habituation after prolonged exposure and the short attention span of 
infants. When an infant was exposed to the same stimulus for a period of time, her 
interest in it would gradually decrease and thus she would lose attention towards that 
particular stimulation. Thompson, Thompson, and McCall (1992) reported that the 
use of two reinforcers could yield more responses from infants before habituation 
than the use of a single reinforcer. Based on their findings and our own experimental 
experience, we would change the visual reinforcer to another one whenever we 
observed that an infant seemed to have lost interest in the original visual reinforcer. 
Our observation did confirm that in most cases an infant would show tendencies of 
dis-habituation and tended to produce some more head-turn responses when the 
visual reinforcer was changed. 
The high reinforcing power of a complex visual reinforcer was examined by 
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Moore, Thompson, and Thompson (1975) and Moore, Wilson, and Thompson 
(1977). Four groups of infants at the age of 12 to 18 months old (Moore et al 1975) 
were tested under conditions with different reinforcers. It was found that the group 
which received complex visual reinforcement (an animated toy animal) produced the 
greatest number of head-turn responses than the groups which received simple 
visual reinforcement (a blinking light), social reinforcement, or no reinforcement (in 
descending order of the number of head-turn responses). Infants at the ages of 5 to 
12 months (Moore et al, 1977) were also found to produce more head-turn 
responses with the use of complex visual reinforcers than with no reinforcement. 
With reference to Moore et al.'s (1975，1977) use of simple and complex visual 
reinforcers, we define a complex visual reinforcer as one which varies in several 
dimensions upon activation as compared to the non-activated state, whereas a simple 
visual reinforcer is one which varies in a single dimension only. In our study, all of 
the four visual reinforcers that we used were complex in nature. Reinforcer A was a 
set of Christmas decorative flashing lights consisting of 100 colored light bulbs 
arranged in the form of four concentric circles. When activated, the colored light 
bulbs would illuminate and flash brightly with varying patterns for a preset period of 
time as defined by the timer of the logic circuit (see Chapter 3.7 on 'Technical 
control of experiment', and Figure 3-2 for the circuit diagram). The flashing rate 
could be adjusted with the attached switch which allowed for a variety of 
combination patterns to appear. Reinforcer B was another set of Christmas 
decorative flashing lights consisting of 172 colored light bulbs arranged in the form 
of spherical rings. Different flashing patterns were presented in a preset order. It was 
observed that the flashing lights of both Reinforcer A and B appeared to be very 
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attractive and eye-catching for most infants. Reinforcer C was an animated toy 
monkey mounted in a semitransparent cylindrical plastic box. When activated, the 
box was lighted internally and the animation involved the action of drum-beating by 
the toy monkey. Reinforcer D was an animated toy dog mounted inside the same 
semitransparent cylindrical plastic box. The dog moved back and forth with 
head-nodding when activated. 
3.5 Experimental Site 
After the conduction of some pilot studies to assess the methodological set-ups and 
to test the feasibility and suitability of our experiments on the target group of 
subjects, we proceeded to carry out the series of infant perception experiments. 
Experiments were carried out at the Infant Observation Room, a 
sound-attenuated room specially designed for infant perception studies within the 
Language Acquisition Laboratory (LAL), the Chinese University of Hong Kong. 
Experimental control was monitored in the Experiment Monitoring Room adjoining 
to the Infant Observation Room. The Infant Observation Room was brightly 
decorated and equipped with toys. The Experiment Control Room was used for 
experiment control and monitoring. It was equipped with necessary hardware and 
software devices. Due to some logistic constraints, a few of the experiments were 
carried out at an alternative quiet venue with suitability for proper equipment set-up 
and experimental flow. The settings in either venue were almost identical, except 
that some minor modifications were required due to environmental limitations at the 
alternative locations. Figure 3-1 shows a picture of the Infant Observation Room at 
LAL. Figure 3-2 provides the schematic layout of the experimental site with logic 
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circuit design. 
The experiments were monitored with the aid of a one-way observation mirror 
mounted between the two rooms. With this mirror equipped, the experimenter could 
observe the process of an experiment through the one-way observation mirror while 
the infant could not notice that she was being observed in the other room. In addition 
to the one-way observation mirror, two closed-circuit televisions (CCTVs) were 
installed at the comers of the Infant Observation Room, such that the experimenter 
could have an additional means to observe the ongoing events of the Infant 
Observation Room in fine detail, which the one-way observation mirror might not 
be able to provide. Real-time digital video recording was done by the recording 
system of the CCTVs and a SONYTRV-950 video-recorder. 



























































































































































































































An infant with her parent, and the experimental assistant (EA), were all situated in 
the observation room while the experimenter (EX) stayed in the control room for the 
whole course of the experiment. 
Before the start of an experiment, the assistant, together with the parent, played 
some stimulating toys with the child as a warm-up exercise, so as to reduce the 
child's possible negative feelings due to unfamiliarity with the experiment site. As 
the room was colorfully decorated, most children adapted to the new environment in 
a quick manner, with some showing much enjoyment in being there. 
After the subject was judged to be psychologically ready for an experiment by 
both the parent and the assistant, the assistant would signal the experimenter to 
begin an experiment via intercom communication. During an experiment, the infant 
sat on her parent's lap, facing the one-way observation mirror. A small, brightly 
colored round table was placed in front of the infant. EA sat opposite to the pair of 
parent and child, at a location right in front of them. EA manipulated some toys with 
bright colors silently right in front of the infant at the infant's visual midline to 
attract her attention. 
The experimenter monitored the flow of experiment in the adjoined monitoring 
room. If the infant was (i) crying; (ii) feeling sleepy, hungry or sick; (iii) being 
overly devoted to the playing of toys; or (iv) moving vigorously; the experiment 
would not be initiated. An experiment would be initiated only when the infant was 
considered to be in a calm state ready for experiment and was observed to be (i) 
looking or playing passively with the toys, (ii) facing forward. 
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In order to prevent influence from possible behavioral manipulation by either the 
parent or the EA on an infant's response, both of them wore headphones with 
continuous music delivery such that they could not hear the sound stimuli being 
presented to the infant. Examples of behavioral manipulation included differentiated 
stroking by the mother or non-random movement of the toys by the assistant 
between change and control trials either intentionally or unintentionally. 
The experimenter initiated an experiment by presenting the first 'background' 
speech stimulus (SI) through the pair of loudspeakers in the observation room with 
a preset consistent level of loudness as perceptually judged to be comfortable by the 
experimenter and the assistant prior to an experiment. SI was played continuously at 
a constant inter-stimulus interval of 0.65 seconds. In the process, EX observed the 
behavior of the infant through the one-way observation mirror and two CCTVs. 
When the infant was observed to be in a ready state again, EX would initiate a 
change trial to a second speech stimulus (S2). S2 was played repeatedly for a fixed 
length of time. For monosyllabic speech stimuli, a total of three repetitions of S2 
were usually presented. In such cases the total duration of one complete cycle of 
trial would be the summation of time length as represented by Formula-L After the 
presentation of the whole S2 cluster, the sound signal would be switched back to the 
original 'background' stimulus SI as before. 
Total duration of one complete cycle of trial = 3 x (length of S2 + ISI) (I) 
ISI refers to the inter-stimulus interval, which is the time duration measured between 
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the end of a stimulus and the start of its following stimulus. 
Conditioning phase 
The VRISD paradigm typically involved two phases: the conditioning phase and the 
discrimination phase. The purpose of the conditioning phase was to let the infants 
leam the association between the sound stimulus change and the activation of the 
Visual Reinforcer. An infant was conditioned to turn his head towards the VR upon a 
change of sound stimulus in the conditioning phase. VR activation usually lasted for 
a fixed length of time of three to four seconds. During the first few trials in the 
conditioning phase, the VR was activated immediately following the presentation of 
the new stimulus S2. The normative number of this type of trials was three to ten, 
which varied according to an infant's response. For instance, if the infant did not 
ever make a head-turn with VR spontaneously presented with S2, this type of trial 
would be repeated until the infant noticed the activation of VR and turned her head 
towards it. 
A delay in activation of the VR was gradually imposed until the infant learnt to 
make anticipatory head-turns after detecting the sound change. An anticipatory 
head-turn was defined as a ninety-degree head-turn to the right side of an infant, 
after the change in sound stimulus from S1 to S2 but before the activation of the VR. 
An additional criterion for counting such as a correct head-turn was that the infant's 
eye gaze must be viewing towards the VR as judged by the experimenter. In addition, 
we also adopted the judgment criterion used by Kuhl (1985) that eye movement 
alone would not be counted as a positive response. 
Due to the very limited attention span of infants, all trials in the conditioning 
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phase were change t r i a l s T h i s was done so as to provide an infant with maximum 
opportunity to learn the association of sound stimulus change through the process of 
operant conditioning. In order to complete the conditioning phase successfully, an 
infant had to reach the conditioning criterion, as defined by the performance of three 
consecutive anticipatory head-turns. 
Discrimination phase 
After successful completion of the conditioning phase, we would proceed to the 
discrimination phase of the experiment. This phase was a discrimination testing on 
whether infants could detect a change in sound stimulus. In this phase, only 
head-turns in response to sound stimulus change were reinforced with VR activation. 
In other words, if the infant did not make any head-turns during the presentation of 
S2, the VR would not be activated. Two types of trials, the change trials and the 
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control trials，were randomly presented in equal proportion, with the restriction 
that no more than three consecutive trials of the same type would appear. 
3.7 Technical Control of Experiment 
The presentation of auditory stimuli and the activation of the visual reinforcer was 
controlled by (i) software for psychological experiment generation and; (ii) a logic 
circuit. The experimenter monitored the flow of experiment by pressing the 
corresponding button(s) to (i) initiate an experiment with the presentation of SI; (ii) 
17 A change trial is a trial having the sound stimulus S2 different from the sound stimulus SI. 
18 A control trial is one having the sound stimulus S2 identical to the sound stimulus SI. 
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issue a change of stimulus to S2 (in the conditioning phase) or issue a 
change/control trial to S2 (in the discrimination phase); and (iii) terminate an 
experiment. The software program controlled the type of trial such that no more than 
three consecutive trials of the same type would occur in the discrimination phase, 
and the presentation of change or control trials was randomly generated. 
Figure 3-2 shows the logic circuit diagram for the implementation of our 
experiments. Upon the issuing of change in stimulus, signals were sent to the logic 
circuit which activated Timer 1，defining the length of a response interval for an 
infant to make a response (Eilers et al, 1977; Harrison, 2000). The length of the 
activation of VR was controlled by Timer 2 (Harrison, 2000). VR was always 
activated during the conditioning phase, while its activation would be dependent on 
the response of an infant in the discrimination phase. 
In the discrimination phase, an infant had to make response within this preset 
interval in order to trigger the activation of the VR. The experimenter would press 
the push-button Pi upon noticing a head-turn response by an infant, and the assistant 
would also vote by stepping on the foot-switch S! upon noticing the head-turn 
response. The assistant could vote when the push-button P2 was pressed down by the 
experimenter in this phase of the experiment. 
With the AND-gate design (Kuhl, 1985), the VR was activated only when both 
the experimenter and the assistant had pressed the push-button/foot-switch within 
the response interval. The VR would then be activated with an interval defined by 
Timer 2. The double button-press scheme was designed to ensure the correctness in 
head-turn judgments (Kuhl, 1985) and to minimize false VR activation due to 
erroneous button press by a single experimenter. 
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With an understanding of the methodological principles and implementations, 




RESULTS OF THE STUDY 
By following the methodology described in Chapter Three, we carried out a series of 
experiment, the details of which are presented in this chapter. We will define the 
assessment criteria and compare our results with findings from previous studies on 
the perception of tones by Cantonese-speaking adults and children. 
4.1 Details of Experiment 
Subject information 
A total of 22 experiment sessions were conducted on nine subjects (seven boys and 
two girls). The age range of all subjects at test dates was from 00;04;02 to 00;11;27. 
Experiment and subject details are shown in Table 4-1. 
Suitability of methodology 
The conditioned head-turn paradigm was found to be most suitable for assessing the 
speech discrimination capacities of infants between the ages of 5.5 and 18 months 
old in previous studies (Kuhl 1985; Polka, Jusczyk, and Rvachew, 1995). Moore et 
al. (1975) tested infants from 12-months to 18-months of age using the conditioned 
head-turn paradigm and found that subjects from all age groups performed reliably 
well. A follow-up study (Moore et al.’ 1977) tested infants from 4-months to 
12-months old. It was found that the youngest group of 4-months did not show 
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reliable response patterns, whereas the other three older groups all performed 
systematically reliable. 
Table 4-1 
Details of the experiments on the discrimination of Cantonese tones 
by 6- to 12-month-old Cantonese-acquiring infants 
Subject Gender Number of sessions Age at test session 
CHY M 2 00;07;28 
00;09;08 
FMH M 3 00;04;02 
00;05;11 
00;10;00 
HCH M 3 00;08;17 
00;09;09 
00;09;22 
KCK M 1 00;11;25 
KWC M 2 00;08;16 
00;08;29 






PWL F 1 00;07;05 
TYL F 2 00;11;20 
00;11;27 
WCW M 2 00;10;26 
00;10;28 
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Results from these two studies indicated that the conditioned head-turn paradigm 
could test infants as young as 5.5 months and as old as 18 months of age. The 
paradigm was therefore adopted as the methodology for our experiments. 
Despite the wide age range of suitability, the test was yet found to be more 
suitable to infants within the age range of 6- to 10- months old (Kuhl, 1985; Werker 
et al., 1998). Indeed, many of the studies which employed the conditioned head-turn 
procedure examined infants at around six months of age (Polka et al., 1995). From 
our experiences of implementing the experiment with subjects at the age range of 
4-months to 11 -months old, we also observed that subjects recruited in the present 
study generally performed reliably better if they belonged to the age range of 6- to 
8-months old than those who fell outside the age range. For instance, when we tested 
FMH at the age of 00;04;02, he simply showed no response to either the visual or 
the auditory stimuli, which might possibly be due to the fact that the appropriate 
cognitive abilities were not yet achieved at that age. According to Werker et al. 
(1997), infants may not be able to perform reliable short-latency head turns upon 
conditioning before the age of five months. On the other hand, infants above the age 
of ten months showed a general pattern of short attention span with less patience in 
attending to the same set of repeated stimuli (Werker et al., 1997). From our 
observation, this might be attributed to their better developed sensory-motor abilities. 
They are capable of crawling and climbing around, and they can manipulate their 
fingers in getting and holding things. Hence, with their better developed 
sensory-motor coordination, they tend to crawl to touch the Visual Reinforcer, 
instead of sitting passively still to wait for the reappearance of it. Several of our 
subjects who were around 10-months old at the time of testing sessions showed such 
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patterns which made them less suitable to participate in the experiments. 
Two subjects aged above ten months, WCW (at the ages of 00;10;26 for first 
experiment and 00;10;28 for second experiment) and KCK (at the age of 00;11;25) 
respectively, were too active to remain calm and patient for the experiment. WCW 
was also observed to lose interest in the Visual Reinforcer very rapidly within 
twenty trials. Generally speaking, older infants tended to get bored more easily than 
the younger infants, and they could not sit still for a substantially long duration. In 
addition, their attention shifted quickly. They focused on other things inside the 
room that aroused their interest. 
These observations indeed aligned with what has been previously observed. As 
mentioned in Werker et al. (1998), an infant between the age of 6 and 10 months is a 
'captive audience' and is less likely to be easily bored by the Visual Reinforcer. 
Meanwhile, the mobility of infants older than this age gradually increases, and they 
are less content to sit quietly on the parent's lap for long. Furthermore, they soon 
become bored with the VR (Kuhl, 1985; Werker et al., 1998). 
In addition to the age factor, there were some other subject-internal and 
subject-external factors which might affect the feasibility for experimentation with 
the paradigm carried out. Examples of subject-internal factor included a particularly 
short attention span of some subjects whereas the unavailability of parents for return 
was an example of subject-external factor. 
4.2 Assessment Criteria 
A subject's performance in the conditioning phase and the discrimination phase (if 
the conditioning criterion was reached) would be considered in assessing her 
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discrimination ability on a particular pair of stimulus. We interpreted the results 
based on the assumption that the ease of discrimination of a stimulus pair by an 
infant was positively related to (i) the ease with which an infant could be 
conditioned in a task; (ii) the rate of successful discrimination of a stimulus pair. 
Specifically, the ease with which an infant could be conditioned in a task was 
measured by the number of trials required by an infant to reach the conditioning 
criterion (i.e. three consecutive anticipatory head-turns) in the conditioning phase. 
We have arbitrary set a baseline requirement of ten minimum trials for the 
completion of the conditioning phase, for the purpose of ensuring a uniform and 
adequate exposure to the stimulus pair among all subjects. During a change trial, if 
the infant made a head-turn towards the VR, her response would be recorded as 
"Hit"; and upon agreement in observing this head-turn by both the experimenter and 
the assistant with the pressing of push-button/foot-switch, the VR would be 
activated for three seconds. On the other hand, if the infant failed to make a 
head-turn within the time frame when S2 occurred, the response would be recorded 
as a "Miss" and no reinforcement would be granted and thus the VR would not be 
activated. During a control trial (no change in the speech stimulus from the 
'background' stimulus), "Correct rejection" was defined as having no head-turn 
within the trial. If a head-turn occurred, it would be recorded as "False positive" and 
the VR would not be activated. In short, an agreement between the two 
experimenters had to be reached in order to provide reinforcement upon correct 
anticipatory head-turns in the change trials; while any occurrences of head-turns in 
the control trials would not yield visual reinforcement. 
The rate of successful discrimination of a stimulus pair was assessed by the 
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correctness score and the 'hit to false-positive' ratio of a subject in the 
discrimination phase. The correctness score was calculated by the summation of 
'hits' plus 'correct rejections', as defined by Formula-IL 
Correctness Score = hits + correct rejections ^ ^^^o^ („) 
N � ) 
N stands for the total number of response in all trials, i.e., it is the total count of 
'hits', 'misses', 'correct rejections', and 'false positives'. The ‘hit to false-positive' 
ratio measured the number of hits for every single occurrence of false-positive, as 
defined in Formula-Ill. 
’ hit to false - positive' ratio = — x 100% (III) 
false positives 
Our assumption for the interpretation of results could be further elaborated as 
follows: 
I. The fewer the conditioning trials required, the easier the tone pair could be 
discriminated by an infant. 
II. The higher the correctness score, the better the discrimination of a tone pair. 
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4.3 Results 
Table 4-2 provides a summary of infants' sensitivity to pretest and test stimuli in 
terms of their head-tum responses. In the table, the first row denotes subject identity 
and the second row indicates the group identity of each subject that she was assigned 
to. The grouping of subjects was done based on their discrimination performance in 
the experiments. The three groups were: 
(i) Group I: subjects who showed sensitivity to test stimuli with the 
conditioning criterion achieved in some of the test pairs; 
(ii) Group II: subjects who showed sensitivity to test stimuli but without the 
conditioning criterion achieved in any of the test pairs; 
(iii) Group III: subjects who showed no sensitivity to any of the stimulus pairs. 
Two subjects, NHY and KWC, belonged to Group I as they have shown 
sensitivity to the test stimuli with the conditioning criterion achieved in more than 
one pairs of the test stimuli of Cantonese tones. Group II consisted of three subjects: 
CHY, TYL and HCH. CHY and TYL have shown sensitivity to a pair of the 
Cantonese tones, but their discrimination performance did not reach the conditioning 
criterion for the test stimulus pair. HCH was sensitive to the music melodies only. 
The remaining four subjects, FMH, WCW, KCK, and PWY�all belonged to Group 
III as they were not sensitive to any of the stimulus pairs. Further details on the 
results of each subject will be discussed in the following section. 
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Table 4-2 
Infants' he ad-turn response to pretest and test stimuli 
Group I II III 
Subject NHY K W C CHY HCH TYL FMH W C W KCK PWY 
(I) Pretest stimuli 
Melodies Z* •/ x x x x 
/fu 'V-/ba"/ X 
(II) Test stimuli 
TYPE I 
/si 'V-/si"/ ？ X 
/Si23/-/Si55/ Z 
TYPE II 
/Si22/-/si33/ V � 
Note: Responses of subjects were classified into four categories: 
(i) (tick with an asterisk): it indicates that the subject was sensitive to the stimulus 
change and her head-turn responses reached the conditioning criterion of three 
anticipatory head-turns. 
(ii) Z (tick): it indicates that the subject was sensitive to the stimulus change by 
performing at least one anticipatory head-turn in an experiment. 
(iii) * (cross): it indicates that the subject was not sensitive or had no interest in the 
stimulus change with a complete lack of anticipatory head-turns. 
(iv) (blank space in the cell): it indicates that the particular stimulus pair was not tested 
on the specific subject. 
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The leftmost column of Table 4-2 indicates the auditory stimulus pairs being 
tested on the subjects. The stimuli were divided into two types: 
(i) Pre-test stimuli: The first set was a pair of music melodies and the second 
set was a pair of Cantonese words with different segmental composition and 
tone (/fli2V-/ba55/). 
(ii) Test stimuli: All were composed of the same Cantonese root word /si/ but 
with different tonal categories: Type-I (tones with different contours) 
consisted of the pairs and Type-II (tones with the same 
level contours) consisted of the pairs and 
We observe that the discrimination performance was better on the music 
melodies than the Cantonese tones. All of the four subjects who have been tested on 
the pretest stimuli of music melodies showed some degrees of interest to the 
stimulus change and two reached the conditioning criterion on this pretest stimulus 
pair. In particular, HCH could only reach the conditioning criterion in the stimulus 
pair of music melodies, but failed to achieve successful conditioning on any of the 
Cantonese tone pairs. We also observe that the music melodies appeared to be more 
attractive than the Cantonese monosyllables when presented to the infants. 
It is possible that discrimination is easier on a pair of acoustic stimuli that differ 
in various dimensions than another pair that differ in fewer acoustic dimensions. 
Specifically, the two music melodies differed much from each other as they had 
different pitch range, melodic contour, rhythm, tempo, and timber. On the other hand, 
the two syllables in a Cantonese tone pair were identical in their segmental structure 
and merely differed in the tonal categories. 
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When tested with the Cantonese tone pairs, four subjects showed interest in at 
least one of the tone pairs, and two managed to achieve the conditioning criterion in 
some of the test pairs. 
The next section discusses the discrimination performance of subjects 
according to groupings based on their performance. 
4.3.1 Discrimination Performance of Group I Subjects 
(I) NHY19 
Test sessions and stimuli 
NHY was tested in six sessions at the ages of: 00;05;23, 00;06;00, 00;06;07, 
00;06;09 and 00;06;14 and 00;06;21, with inter-session intervals of two to seven 
days. He received training on the pretest stimuli in the first two sessions at the ages 
of00;05;23 and 00;06;00. 
NHY was trained and succeeded in reaching the conditioning criterion on two 
pairs of pretest stimuli: a pair of music melodies and a pair of Cantonese words with 
different segmental structure and tone (i.e. The actual testing on the 
discrimination of Cantonese tone pairs began upon successful completion of the 
training on pretest stimuli. 
19 Parts of the findings on the discrimination performance of NHY were presented at the 
Conference of the European Association of Chinese Linguistics (EACL-4) held at Budapest, Hungary 
in January, 2006 (Lei, 2006a), and the XV'" Biennial International Conference on Infant Studies held 
at Kyoto, Japan in June 2006 (Lei, 2006c). 
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A total of five pairs of Cantonese tones was tested on NHY: (the 
mid-low falling tone with the high-level tone), (the mid-low rising tone 
with the high-level tone), (the mid-low level tone with the high-level 
tone), /si33/-/si55/ (the mid-level tone with the high-level tone), and (the 
mid-low level tone with the mid-level tone), all with the same Cantonese root word 
/si/. The first syllable in each pair denotes the background stimulus and the second 
syllable in each pair refers to the reference or change stimulus. 
Results 
Among the five test pairs, NHY reached the conditioning criterion in three of them 
and failed in the remaining two pairs. He reached the conditioning criterion in two 
pairs with different contours (Type-I) and one pair with the same level contours 
(Type-II). These two Type-I pairs were: and /si^ V-Zsi^ V, and the Type-II 
pair was Table 4-3 provides details of the results of tone pairs having the 
conditioning criterion achieved by NHY. 
Discrimination performance was identical on the two Type-I (different contours) 
tone pairs, i.e. /si^V-/si^V and in terms of the assessment parameters. The 
conditioning criterion was achieved within ten minimum trials for both pairs. The 
correctness score was 90% and the 'hit to false-positive' ratio was 5:1. This ratio 
indicates that a false-positive response (i.e. head-turn towards the Visual Reinforcer 
during a control trial) would occur for every five 'hits' (i.e. head-tum toward the 
Visual Reinforcer during a change trial). For the Type-II (same level contours) tone 
pair having the conditioning criterion reached, i.e. 13 conditioning trials 
were required with a score of 80% for the correctness percentage and 2.5:1 for the 
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'hit to false-positive' ratio. This ratio indicates that there is a higher probability for 
the occurrence of a false-positive head-turn as a false-positive head-turn would 
occur for every 2.5 hits. 
Table 4-3 
Experimental details of the tone pairs having the conditioning criterion achieved by NHY 
Age at test date 00;06;00 00;06;07 00;06;07 00;06;09 
Stimulus pair /si'V-/si"/ /si'V-Zsi'V /si'V-/si''/ 
First stimulus (SI) /sPV / sPV / si^ V / sPV 
Second stimulus (S2) / s^ / / si"/ / si^ V / si"/ 
Tone type I I II I 
(I) Conditioning Phase 
No. of conditioning trials 10 10 13 10 
(II) Discrimination Phase 
No. of Hits 5/5 5/5 4/5 5/5 
No. of Correct rejections 4/5 4/5 4/5 3/5 
Correctness (%) 90 90 80 80 
Hit: False positive 5:1 5:1 2.5:1 4:1 
The first pair was re-tested after the completion of testing on the 
three tone pairs successfully discriminated, for checking the consistency of results. 
Similar results were obtained in the second test. The conditioning criterion was 
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reached within ten trials. With the occurrence of one more false-positive head-turn 
in a control trial, the correctness score was dropped from 90% to 80%, and the 'hit 
to false-positive ratio' changed accordingly from 5:1 to 4:1. The child still 
maintained 100% hits in the change trials as he did in the previous session. We 
suspect that the slight discrepancy in the results between the two sessions might be 
simply due to external factors such as variation in the psychological state and 
attention level of the infant between the two test sessions. 
Based on the results, we might infer that better discrimination was found on the 
two Type-I tone pairs, and than the Type-II tone pair 
/si22/-/si55/. 
The two tone pairs on which NHY failed to reach the conditioning criterion 
belonged to the Type-II category, i.e., tones with the same level contours. These two 
pairs were: and Table 4-4 summarizes details of the results of 
these two tone pairs. 
The pair was tested in four separate consecutive sessions. As NHY 
was restless and started to cry at the sixth trial during the fourth test session (at the 
age of 00;06;21), the experiment was interrupted and subsequently terminated. We 
discarded results from this session in our analysis. For the remaining three sessions, 
the discrimination phase was not conducted as the child failed to reach the 
conditioning criterion in the conditioning phase. Therefore, we limit our discussion 
to results obtained from the conditioning phase. The discrimination performance 
never reached the conditioning criterion even though more conditioning trials have 
been run as compared with the pairs having successful achievement of the criterion. 
A few scattered anticipatory head-turns were recorded in these three sessions: two 
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sets of two consecutive anticipatory head-turns were recorded in the first session, 
one set in the third session, and some single anticipatory head-turns in the first and 
third sessions respectively. 
Table 4-4 
Experimental details of the tone pairs that failed to reach the conditioning criterion 
for NHY 
Age at test date 00;06;07 00;06;09 00;06;14 00;06;21 00;06;21 
Stimulus pair /si"/-/si^V 
First stimulus (SI) /si"/ / sP/ 
Second stimulus (S2) /si"/ /si"/ 
Tone type II II 
(I) Conditioning Phase 
No. of conditioning trials 14 27 18 6 30 
No. of anticipatory head-turns 2+2 1 + 1 2+1 0 1 
No. of post head-turns 9 22 12 6 13 
No. of no head-turns 1 2 3 0 16 
Note. Post head-turns refer to head-turns towards the Visual Reinforcer after the 
presentation of the change stimulus S2 and the activation of the Visual Reinforcer. 
The other pair /si /-/si / that NHY failed to have the conditioning criterion 
reached was tested once. After going through 33 conditioning trials before the child 
lost attention and interest in the stimuli, only a single anticipatory head-turn was 
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recorded. This was also the pair with the greatest number of conditioning trials 
executed. 
We suspect that these two pairs of speech signals might not have been very 
distinctive in the perception of the child. The child might have had to pay greater 
effort in order to make the discrimination. Hence, it was more likely for the child to 
miss the discrimination when he was not highly attentive to the change in the speech 
stimuli, as compared with the discrimination on the other more distinctive stimulus 
pairs. 
(II) KWC 
Test sessions and stimuli 
KWC was another subject who succeeded in passing the conditioning criterion in 
some of the Cantonese tone pairs. He was aged 00;08;16 when he received the 
pretest stimuli of music melodies. After being trained on the pretest stimulus pair, he 
was tested on three pairs of Type-II (same level contours) Cantonese tones at the age 
of00;08;29: /si22/-/si55/ (the mid-low level tone with the high-level tone), 
(the mid-level tone with the high-level tone), and (the mid-low level tone 
with the mid-level tone). 
Results 
In terms of the number of trials required in reaching the conditioning criterion, best 
performance was found on the pair with 14 trials, as compared with 22 
trials for the pair and 34 trials for the pair He also achieved 
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fairly good correctness scores in all three tone pairs, ranging from the highest of 
90% for /si33/-/si55/，80% for and 70% for The child achieved 
100% hits in all change trials for both the pairs of and The 
only difference in performance between these two pairs was that the child made one 
more false-positive head-turns for the pair thus lowering the overall 
correctness score by 10%. Table 4-5 summarizes details of the results for KWC. 
Table 4-5 
Experimental details of the tone pairs tested on KWC 
Age at test date 00;08;29 00;08;29 00;08;29 
Stimulus pair /si^ V-Zsi'V /si^ V-Zsi"/ /si^ VVsi^ V 
First stimulus (S1) /si^V /s i" / 丨於I 
Second stimulus (S2) /s i" / /si^V /s i" / 
Tone type II II II 
(I) Conditioning Phase 
No. of conditioning trials 14 22 34 
(II) Discrimination Phase 
No. of Hits 5/5 5/5 2/5 
No. of Correct rejections 3/5 4/5 5/5 
Correctness (%) 80% 90% 70% 
Hit: False positive 2.5:1 5:1 2:0 
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4.3.2 Discrimination Performance of Group II Subjects 
(III) TYL 
Test sessions and stimuli 
TYL was tested on a pair of Type-I stimuli, and a pair of Type-II stimuli, 
/si22/-/si55/’ in two sessions at the ages of 00; 11 ；20 and 00; 11 ；27 respectively. 
Table 4-6 
Experimental details of the tone pairs tested on TYL 
Age at test date 00;11;27 00;11;27 
Stimulus pair /si^ V-Zsi^ V I於 l - l炉 I 
First stimulus (SI) /si^V /si^^/ 
Second stimulus (S2) /si^V /si^V 
Tone type I II 
(I) Conditioning Phase 
No. of conditioning trials 45 58 
No. of anticipatory head-turns 0 1 + 1+1+1 
No. of post head-turns 30 29 
No. of no head-turns 15 25 
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Results 
TYL showed interest in the stimulus pair by performing four 
non-consecutive anticipatory head-turns at the 28山，30出,33''', and 44出 trials of the 
58 conditioning trials carried out, but soon she failed to make any further head-turns, 
probably due to limitation of attention span or the loss of interest in the Visual 
Reinforcer. She then became restless and failed to remain patient in the experiment 
before reaching the conditioning criterion. 
For the stimulus pair no indication of sensitivity in detecting the 
stimulus change has been observed. Of the 45 conditioning trials, there were 30 
occurrences of post head-turns (i.e. head-turns towards the VR after the presentation 
of S2 and activation of VR), indicating that the lack of anticipatory head-turns was 
not likely due to loss of interest in the VR. Details of the results are shown in Table 
4-6. 
(IV) CHY 
Test sessions and stimuli 
CHY was tested at the ages of 00;07;28 and 00;09;08. After showing sensitivity to 
the pretest stimuli of music melodies, he was tested on a pair of Type-II stimuli, 
/si22/-/si55/ at the age of 00;09;08. 
Results 
CHY was observed to be sensitive to the change of stimulus on by 
showing anticipatory head-turns occasionally, but he failed to perform three 
anticipatory head-turns consecutively. His interest in the VR was also evident with a 
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62% occurrence of post head-turns. The unsuccessful accomplishment of the 
conditioning criterion yet provided inadequate support for discrimination ability on 
this pair of stimulus. Details are shown in Table 4-7. 
Table 4-7 
Experimental details of the tone pairs tested on CHY 
Age at test date 00;09;08 
Stimulus pair 
First stimulus (SI ) / s F / 
Second stimulus (S2) /s i" / 
Tone type II 
(I) Conditioning Phase 
No. of conditioning trials 104 
No. of anticipatory head-turns 2+1+1 
No. of post head-turns 64 
No. of no head-turns 36 
(V) HCH 
Test sessions and stimuli 
HCH was tested at the ages of 00;08;17，00;09;09，and 00;09;22. He was trained on 
r r 
two pairs of pretest stimuli, the music melodies and the Cantonese words /fu /-ba /. 
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He was also tested on the Cantonese tone pair from the Type-II category. 
Results 
HCH could only reach the conditioning criterion on the pretest music melodies, but 
failed on either the pretest stimuli of Cantonese words or the Cantonese tone pair 
22 "55 
(/si /-/si /). From our observation he still maintained interest in the activation of the 
Visual Reinforcer when tested on /fu^V - /ba^V, but yet he did not perform any 
anticipatory head-turns. It seems that he was not very sensitive to the stimulus 
change on these stimulus pairs. His results are summarized in Table 4-8. 
Table 4-8 
Experimental details of the tone pairs tested on HCH 
Age at test date 00;08; 17 00;09;22 
Stimulus pair /fu^V-/ba"/ /sPV-Zsi^V 
First stimulus (SI ) /fu 'V /si ' ' / 
Second stimulus (S2) /ba^V /s i" / 
Tone type … II 
(I) Conditioning Phase 
No. of conditioning trials 30 11 
No. of anticipatory head-turns 0 0 
No. of post head-turns 25 3 
No. of no head-turns 5 8 
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4.3.3 Discrimination Performance of Group III Subjects 
Four subjects were excluded from our study as they failed to show sensitivity to 
stimulus change in the pretest training. FMH was not sensitive to either the visual or 
the auditory stimuli at the age of 00;04;02. He still did not show much interest in the 
Visual Reinforcer and only turned his head towards the VR occasionally at the age 
of 00;05;11 and 00;10;00. KCK (at the age of 00;11;25) was not very interested in 
the VR as well. With the possible lack of interest in the VR, it seemed that these two 
infants did not have high motivation to participate actively in the experiments as 
they were not eager for the re-appearance of the Visual Reinforcer. The other two 
subjects, WCW and PWY, were initially interested but were soon observed to lose 
interest in the VR and became restless. Thus, they were not involved in further 
experimentation. 
4.4 Comparison with Previous Studies 
Similarities were found on the ease of discrimination between infants taking part in 
our study and the Cantonese-speaking adults and children who took part in some 
previous studies. As reviewed in Ch.2, the mid-level tone (T3) was significantly 
confiised with the mid-low level tone (丁6) by Cantonese-speaking adults (Fok, 1974; 
Peng and Wang, 2005) and children (Ching, 1984; Lui, 2000) in experimental tasks. 
This pair of tone was also included in our investigation on two of the subjects. 
Results revealed that infants in our study also encountered greater difficulty in 
discriminating this tone pair in comparison with other Cantonese tone pairs based on 
the assessment criteria On the other hand, some pairs of tone were found to be easy 
72 
to discriminate by both infants in our study and children in previous sUidies, such as 
the high-level tone (Ti) with the mid-low level tone (Te) (Lui, 2000), and the 
high-level tone (Ti) with the mid-low falling tone (T4) (K. Y.-S. Lee et al, 2002). 
4.5 Summary 
Among the three pairs of Type-II Cantonese tones (tones with the same level contour 
but differ in pitch height) that were tested on both NHY and KWC, was 
the best discriminated tone pair as it was the only pair that NHY succeeded in 
reaching the criterion and it also required the least number of conditioning trials for 
KWC to be conditioned. In contrast, /si22/-/si33/ was the pair which required the 
greatest number of conditioning trials in both subjects. NHY did not produce three 
consecutive anticipatory head-turns prerequisite for the entrance of the 
discrimination phase and KWC had the lowest score of correctness on this pair. 
In terms of Fo difference between the two tones in each tone pair, Isf^l-lsi^^l 
has the greatest Fo difference while has the least. Therefore, the 
preliminary results supported our hypothesis that tones lying at the two ends of the 
relative pitch scale are easy to discriminate. In particular, best discrimination was 
achieved between the high-level tone (55) and the mid-low level tone (22) and poor 
discrimination occurred between the mid-level tone (33) and the mid-low level tone 
(22). Additional supporting evidence on the ease of discrimination based on acoustic 
distance comes from the other two pairs that NHY succeeded in discriminating, 
and The tones within each of these two pairs are also located 
at the two ends of the relative pitch scale and were thus easy to discriminate as well. 
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CHAPTER FIVE 
DISCUSSION AND CONCLUSIONS 
In this chapter we relate our findings to the broader issues of the relative nature of 
tone in tone perception, and to various factors that may contribute to the 
discrimination of tones in tonal languages. We focus on how the acoustic distance 
such as acoustic distinctiveness, and frequency of occurrence might affect the ease 
of tone discrimination. We also refer to some patterns of tone acquisition to establish 
possible links between the perception and acquisition of tone. In addition, we 
compare and analyze similarities between the discrimination of tone and that of 
vowel contrasts. We further discuss issues related to tone perception in connected 
speech and the identification of gender information. Finally, we end this dissertation 
with the conclusions. 
5.1 Strengths of the VRISD Paradigm 
We chose the VRISD paradigm as our experimental procedure for testing infant tone 
discrimination between the ages of 6 and 12 months old, based on the strengths of 
this paradigm and its suitability in testing infants at the specified age group. 
One of the strengths of the VRISD paradigm is that it provides individual data 
(Kuhl, 1985) concerning an individual infant's ability to discriminate a given pair of 
sound contrast (Eilers et al.’ 1977). Thus, it allows for evaluation of an individual's 
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discrimination ability based on her own performance, by referring to parameters 
such as the number of conditioning trials required to reach the conditioning criterion 
and the correctness score achieved in the discrimination test. This is an obvious 
advantage over some other paradigms of similar nature, such as the high-amplitude 
sucking procedure (HAS) or the preferential looking paradigm, in which individual 
scores are hard to interpret alone and results could only be interpreted by comparing 
the performance of different individuals in the same test groups®. 
With this advantage, significant results could be obtained from a comparatively 
small sample for analysis (Eilers et al., 1977). In addition, this paradigm could test 
multiple contrasts in one single subject (Eilers et al, 1977), thus making it possible 
for comparing the discrimination performance among different speech contrasts and 
tracking of possible developmental changes over time. Furthermore, this paradigm 
was found to be applicable in testing infants across a wide range of age from 6 to 18 
months (Eilers et al., 1977; Kuhl, 1985; Polka et al, 1995). 
The VRISD paradigm also has the advantage of differentiating the effect of the 
sound stimulus on the power of reinforcement during the training process of operant 
conditioning. Instead of having the sound stimulus serving as both the change sound 
stimulus (S2) and the reinforcing agent as in the high-amplitude sucking procedure, 
the VRISD paradigm used a visual reinforcer to provide reinforcement, thus 
allowing the separation of the reinforcer from the sound stimulus to be discriminated 
2° In the HAS paradigm, for instance, discrimination performance is assessed by comparing the 
sucking rates between two groups, the experimental group and the control group. The experimental 
group receives a change in sound stimulus while the control group receives the same sound stimulus. 
Two sucking rates are recorded, one being taken before the change of sound stimulus and the other 
being taken after the change of sound stimulus. The discrimination ability on the given pair of 
contrast can then be evaluated based on the group data as a whole (Kuhl, 1985). 
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(Eilers et al., 1977). When the sound stimulus served as the reinforcing agent, 
negative results were difficult to interpret as it was hard to distinguish whether the 
infant could not discriminate the speech contrast or she was not interested in that 
particular sound change although she could detect it (Eilers et al., 1977). With the 
use of a visual reinforcer (VR), difference in infants' discrimination performance for 
the stimulus pairs could not be attributed to the differential reinforcing power of the 
various speech sound stimuli (Kuhl, 1985). 
5.2 The Use of Operant Conditioning 
Due to the limitation that infants as young as at the ages of 6 to 12 months old could 
not give voluntary verbal indication on whether they could discriminate the sound 
stimulus pairs, different infant speech discrimination paradigms were devised to 
explore into infants' discriminability on various sound contrasts. The VRISD 
paradigm, being one of them, functions by assuming infants' ability to learn through 
the process of operant conditioning. Operant conditioning was used as a tool in 
training infants to learn to associate the sound stimulus change and the activation of 
the Visual Reinforcer. Infants would then give behavioral responses towards the VR, 
an attractive object, if the association was learnt by them. 
It should be noted that the process of operant conditioning was not providing 
training on the linguistic discrimination of two sound stimuli, and that infants were 
not learning the discrimination of the sound contrasts. For instance, if an infant did 
not possess the ability to discriminate a particular pair of sound contrast, she would 
likely fail to recognize that there is an association between the activation of the VR 
and the change in sound stimulus. To her, there appeared to have no systematic, 
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regular occurrence of reinforcement, and hence�she would be expected to fail in 
performing anticipatory head-turns in accordance to the sound stimulus change. 
Therefore, it is more likely that the behavioral results were revealing infants' ability 
at the age tested, rather than the outcome of learning from the procedure of operant 
conditioning itself. 
5.3 Relative Nature of Tone 
Although the absolute Fo values of the Cantonese tones reside quite distinctively in 
the acoustic tonal space (W. S. Lee, 1999; Liu, 2001; Peng and Wang, 2005), the 
perception of tonal categories was found to be carried out in a rather relative manner 
such that the acoustic correlates of a tonal category might act as a referent on the 
tonal identities of other neighboring tones. In other words, the perception of tone is 
not merely based on the invariant acoustic properties of the speech signal. 
In our study, we conjecture that infants were likely to perceive tones in a 
relative mode as well, based on the experimental methodology that we used. The 
auditory stimuli were presented with change from a sequence of background to 
target stimuli. As infants had no prior experience in attending to any of the 
utterances of the female speaker who produced the test stimuli, the only acoustic cue 
which was readily available to them was that of the first auditory stimulus (SI). SI 
acted as the background stimulus to provide infants with a reference point in 
building up estimation on the pitch range of a particular speaker (under the condition 
that further input signals will be available for such construction). When the stimulus 
changed to the target stimulus (S2), infants could then refer back to the pitch value 
of the first stimulus in making their discrimination of tonal identities. 
77 
Having the assumption that tones are perceived in a relative manner, the issue 
of how well tones could be discriminated might be dependent on the relative 
acoustic distance in terms of the degree of acoustic similarity between two adjacent 
tones. 
5.4 Acoustic Similarity between the Tones 
We believe that the ease of tone discrimination is related to the degree of acoustic 
similarity of the tones, i.e., the greater the acoustic distance between two stimuli, the 
easier the discrimination. 
In Tsao et al. (2006)，a pair of acoustically distinct Mandarin tones 
(Tone-l/Tone-3) was better discriminated than the other two tone pairs 
(Tone-2/Tone-3 and Tone-2/Tone-4), pointing to the possibility that the ease of 
discrimination is affected by acoustic distinctiveness. 
Similarly, the results of our study have shown evidence for a possible 
relationship between the ease of tone discrimination and the degree of acoustic 
similarity between the tones. For instance, the relative acoustic distance among the 
three Cantonese level tones is measured in terms of their Fo difference. The FQ 
contours of these three tones were not considered as they are almost identically level. 
Among the three pairs of Cantonese level tones tested in our study, the pair having 
the greatest acoustic distance (the high-level tone Ti with the mid-low level tone Te) 
was best discriminated as compared with the other two tone pairs which were 
acoustically closer in terms of Fo values (i.e. the high-level tone Ti with the 
mid-level tone T3 and the mid-level tone T3 with the mid-low level tone 丁6). In 
contrast, the pair having the least acoustic separation (the mid-level tone T3 with the 
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mid-low level tone 丁6) was the worst discriminated one in comparison. One of our 
subjects, NHY, could discriminate tones that lie at the two extreme ends of the 
relative pitch scale, which were tones having a comparatively large acoustic distance. 
In particular, he could distinguish the high-level tone (55) from the mid-low falling 
tone (21), the mid-low rising tone (23), and the mid-low level tone (22). 
In future work we wish to extend the study in investigating infants' 
discrimination of all other possible Cantonese tonal contrasts, for the purpose of 
ascertaining our hypothesis of the effect of acoustic distance on tone perception. 
5.5 Interplay between Production and Perception 
The Cantonese high-level tone (Ti) is particularly special from the other tones with 
respect to its acoustic distinctiveness and high frequency of occurrence in daily 
speech production. These properties of Ti might have enhanced its perceptual 
salience when listeners are discriminating Ti among some other tones. 
With reference to the tone balloon diagram of Peng (2006), we know that the 
high-level tone (Ti) was well separated from the other tones in terms of Fo height: Ti 
located in the upper Fo range whereas the other five tones located in the lower FQ 
range such that these two regions did not overlap. 
In terms of frequency of occurrence, Ti was always highly ranked as one of the 
most frequent tones in daily speech of native-speaking adults and children. It ranked 
second and accounted for 17.1% (in Fok, 1974) and 17.85% (in Leung, Law, and 
Fung, 2004) of the total production frequency respectively, slightly behind the most 
frequent tone: T2 of 19.4% in Fok (1974) and Te of 17.87% in Leung et al. (2004). 
Ti was also the most frequently produced tone in children's production, in terms of 
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both type and token counts (Tse, 1991). 
In our study, NHY succeeded in discriminating all tone pairs but one which had 
the high-level tone (Ti) as one of the components in the pairs, including tonal 
contrasts of the high-level tone (Ti) with the mid-low falling tone (21), the mid-low 
rising tone (23)，and the mid-low level tone (22) respectively. The only pair of this 
category that he failed to discriminate was the high-level tone (Ti) with the 
mid-level tone (T3). 
In contrast to the distinctiveness of Ti, the lower Fo range of the Cantonese 
tonal inventory is more densely crowded with a number of the mid- and low-pitched 
tones, including low-pitched tones of the mid-low falling tone (T4), the mid-low 
rising tone (T5), and the mid-low level tone (丁6)，as well as mid-pitched tones of the 
mid-level tone (T3) and the high-rising tone (T2). 
As observed in Peng's (2006) tone balloon diagram, some portions of overlap 
were observed between these tones, in particular, the mid-level tone (T3) with the 
mid-low level tone (丁6). Tone perception experiments in Cantonese-speaking adults 
(Fok, 1974) and children (Ching, 1984; Lui, 2000) have also revealed significant 
tone confusions between the mid-level tone (T3) and the mid-low level tone (丁6). 
The only tone pair lying in the lower Fo range that was tested in our study was 
the mid-level tone (T3) - the mid-low level tone (丁6) contrast, which was also found 
to be difficult to discriminate by our subjects. It might be the case that infants also 
encounter certain degrees of difficulty in discriminating other tones lying in the 
lower Fo range, such as the mid-level tone (T3) with the mid-low rising tone (T5). 
These tone pairs deserve our further investigation on how far infants' ability has 
developed in mastering the complexity of the Cantonese tonal system and how the 
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acoustic cue(s) are utilized by them in acquiring a tonal language as complicated as 
Cantonese. 
5.6 Association between Tone Perception and Tone 
Acquisition 
Our study has demonstrated that infants possess at least some tone discrimination 
ability at around the age of 6 months old. With a lack of understanding of how tones 
are perceived by infants in the past, it is not possible to examine how the early 
exposure to tones in tonal languages and the corresponding tone discrimination 
abilities at infancy could affect tone acquisition. The exploration of infant tone 
perception aims at unveiling possible indicators of linguistic knowledge at this 
pre-linguistic stage, as we believe that the ability to discriminate tones is a 
prerequisite for the acquisition of tonal contrasts in infants acquiring a tonal 
language. In other words, tone discrimination ability must manifest itself at certain 
points in infants' development. 
When children begin to acquire the different tonal categories, the accuracy and 
rate of tone acquisition are dependent on various factors, such as the ease of 
physiological effort in articulation and learning, and the frequency of occurrence of 
the tones. Previous studies have demonstrated that the acquisition of tone is 
completed much earlier than the acquisition of segmental features. Some studies 
have reported that children can produce all the six tones in Cantonese by the age of 
two (So and Dodd, 1995; Tse, 1977)，though certain degrees of discrepancies in the 
accuracy of tone production by children at this age were still observed (Lei, 2006b). 
81 
Among all, the high-level tone (Ti) has been reported to be the earliest acquired tone 
in Cantonese (Tse, 1977; Tse, 1991). 
By referring to results obtained in our experiments, the high-level tone (Ti), for 
instance, was well discriminated from the other tones. It is basically the only tone 
which resides distinctively at the upper end of the relative pitch scale. As we have 
hypothesized, better discrimination of tones would occur at the two ends of the 
relative pitch scale than tones being closer together. 
We conjecture that the early acquisition of the high-level tone might possibly 
be attributed to its perceptual salience, together with its properties of acoustic 
distinctiveness and high frequency of occurrence in speech production. A follow-up 
longitudinal study in analyzing the patterns of tone production of the subjects who 
were involved in our infant speech perception experiments might shed light on the 
issue, thus placing the issue of tone perception by infants within the broader context 
of the acquisition of tones by Chinese children. 
5.7 Tonal versus Segmental Discrimination 
In our study, we observe that (at least) some infants were sensitive to both the 
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distinctive Cantonese tonal contrasts, such as /si /-/si /，as well as some more 
subtle contrasts like From the literature, we also know that infants can 
discriminate a wide range of segmental contrasts, for instance, they can discriminate 
both the distinctive vowel contrasts and the subtle vowel contrasts at an early age, 
such as [a] - [i] (Trehub, 1973) and [i] - [I] (Swoboda et al., 1976) respectively. We 
may wonder whether there are any similarities between the mechanism of tone 
perception by infants and that of segmental contrasts. 
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For instance, findings from adults have suggested the possibility of a certain 
degree of similarity between vowel and tone perception, based on some correlations 
found between the acoustic properties and the relative ease of perception. Peterson 
and Barney (1952) constructed a vowel balloon diagram by taking the frequencies of 
the first and second formants of 10 vowels from 1520 words produced by 76 
speakers, for the purpose of observing the relationship among the various formants 
of each vowel as produced by different speakers. An elliptic loop for each vowel was 
drawn by enclosing around 90% of the points of the vowel. From the diagram 
(Peterson and Barney, 1952, p. 182, Figure. 8), we observe considerable portions of 
overlap among the vowels, indicating that the distribution of points in the Fi - F2 
plane was continuous from sound to sound (Peterson and Barney, 1952). Almost no 
overlap was found between the high-front vowel [i] and the high-back vowel [u], 
which located at the two end comers of the vowel diagram. Specifically, [i] locates 
at the upper-left comer and [u] locates at the upper right corner of the vowel diagram 
(Ladefoged, 1975). The follow-up perception test has revealed that confusions of 
vowel categories normally occurred between vowels in adjacent positions of the 
vowel diagram. 
In the case of tone, a similar tone balloon diagram was constructed for the 
Cantonese tones by Peng (2006). Again, considerable portions of overlapping were 
found among tones which were acoustically close, such as the mid-level tone (T3) 
and the mid-low level tone (丁6). No overlap was found between the high-level tone 
(TI) and the other tones from the lower Fo ends. Tone confusions often occurred 
between tones which are acoustically close too, such as the mid-level tone (T3) with 
the mid-low level tone (丁6) (Fok, 1974). As we can see, perceptual confusions were 
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often found among tokens belonging to adjacent categories along the Fo continuum 
for tones or the Fi - F2 continuum for vowels in the acoustic space. 
5.8 Tone Perception in Connected Speech 
Parents and caretakers often use infant-directed speech (IDS) in communication with 
their infants. IDS is featured with short utterance length (Philips, 1973; Weijer, J. 
v.d., 1997), but still in the form of connected speech rather than isolated 
monosyllables. 
Contextual variation is evident in connected speech of various tonal languages, 
in which the FQ contour of a syllable is affected by the pitch values of its preceding 
and following syllables (Gandour, Potisuk, and Dechongkit, 1994; Liu, 2001; Wong, 
2006; Xu, 1997). Occurrence of such phenomenon in speech implies that infants are 
required to possess the ability to identify the invariant tonal properties of the 
language in order to perceive tones accurately. 
Our study has demonstrated infants' ability in discriminating (at least) some of 
the Cantonese tones in isolated form, which is indeed not the usual form found in 
daily speech. One further step of our line of investigation is to examine the 
perception of tones in connected speech, so as to understand whether infants utilize a 
similar set of mechanism in decoding tonal information in connected speech, and if 
there is any perceptual advantage when tonal information is encoded within the 
framework of multisyllables. 
84 
5.9 Gender Identification 
Pitch range difference is one of the primary cues that could differentiate female from 
male voices. People have to be capable of performing normalization of FQ variations 
due to gender difference, on top of the ability to discriminate the various Cantonese 
tones based on their intrinsic acoustic properties. In a study of voice discrimination, 
twelve-month old English infants could distinguish unfamiliar male and female 
voices in Hindi monosyllabic words (Sundara and Kuhl, 2006). 
In a perception test of isolated Cantonese tones, the identification score was 
found to drop significantly when speech stimuli were switched from male to female 
voice (Fok, 1974). Listeners showed a tendency to confuse the mid-level tone (T3) 
with the mid-low level tone (丁6)，the mid-low level tone (Je) with the mid-low 
falling tone (T4), and the high-rising tone (T2) with the mid-low rising tone (T5). The 
pattern of confusion was unidirectional that it was always the higher tone being 
taken as a lower tone. The author (Fok, 1974) suspected that such confusion was 
possibly due to the fact that listeners might have push the Fo scale too high in the 
process of tuning from a male to a female voice and thus caused the errors in tone 
perception. 
When both gender identity and tonal category utilize Fo as a major acoustic cue 
for distinction, the complexity of tone discrimination is believed to have increased 
as infants have to take into account both parameters and need a good balance on the 
weighting of each parameter to make correct identification possible. We could 
extend our study on this issue in order to explore how the possible conflicts in 
acoustic cues could be resolved by infants. 
85 
5.10 Conclusions 
This exploratory study has provided us with a preliminary understanding on tone 
perception behavior in Cantonese-acquiring infants. Due to some methodological 
constraints, our study could only be limited to the investigation of a few subjects. 
Thus it inevitably hinders the results from being conclusive and comprehensive. 
Nevertheless, our tentative conclusion is that infants aged 6- to 8- months are 
capable of discriminating at least some of the tonal contrasts in Cantonese. 
Specifically, indications of sensitivity to tonal contrasts of: Ti(55) - 丁3(33), Ti(55)-
丁4(21)，Ti(55) - T5(23)’ T,(55) - 丁6(22), and 丁3(33) - 丁6(22)，were reported on a 
couple of the subjects, though considerably large variability in infants' performance 
has been observed. The current findings support our hypothesis that the ease of tone 
discrimination is dependent on the acoustic distance between the tones. In particular, 
the acoustic distinctiveness and high frequency of occurrence of the high-level tone 
(Ti) might have enhanced its perceptual salience, making it easy to discriminate 
from other Cantonese tones. 
Some similarities in the ease of discrimination of particular tone pairs have 
been observed between infants participated in our study and the Cantonese-speaking 
adults and children in other experimental tasks. For instance, the 丁 3 ( 3 3 ) - 丁6(22) 
contrast was found to be difficult to discriminate in all groups of subjects while the 
Ti(55)- Te{22) contrast was easy to discriminate as comparison. Nonetheless, we 
should be cautious about the interpretation of results in understanding the potential 
incomparability among findings from different studies, as the implementation of 
various methodological paradigms could yield drastic differences in the task 
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performance of the subjects. The positive results obtained in this study could also 
contribute to the pool of available literature on infants' sensitivity towards the 
internal organization of syllables such as consonant and vowel contrasts, by 
affirming their discrimination ability on the suprasegmental feature of tone in a tonal 
language. 
In future work we plan to document the developmental changes in tone 
perception by tracking the tone discrimination performance of subjects at different 
ages. We also wish to look for the possibility of association between tone 
discrimination performance at infancy and the acquisition of tonal contrasts during 
the stage of language learning, as the ability to perceive and discriminate 
linguistically relevant Fo variations is believed to be a prerequisite for tone 
acquisition. We are interested in ascertaining whether linguistic environment would 
exert influence on the way infants perceive tones in tonal languages. Finally, we 
aim at extending our study to the full inventory of Cantonese tones with the 
recruitment of new subjects, for the purposes of having a better understanding of 
how far infants have developed in uncovering the complexity of the Cantonese tonal 
system, as well as a clearer picture on tone perception behavior in infants. 
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